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Abstract 
 
Investigations into methane conversion (both catalytic and non-catalytic) and 
characterization of the carbon produced for use in high efficiency DCFCs were 
performed. Under non-catalytic processes, a high methane conversion (> 80%) was 
achieved at 1200 oC at flow rates of between 10-60 ml/min. Analysis of the carbon 
using Raman spectroscopy showed that the carbon was highly disordered and the 
degree of disorder increased with increase in methane flow rate (from aD/aG = 1.54 
at 10 ml to aD/aG = 2.24 at 60 ml/min). Further analysis of the carbon using 
thermogravimetric analysis (TGA) demonstrated that the carbon produced at higher 
flow rates e.g. 100 ml/min were easily oxidized (746 oC) compared with those 
produced at lower flow rates (10 ml/min, 846 oC). Therefore, a high temperature 
coupled with high flow rates (60-100 ml/min) produced carbon with desired qualities 
(high disorder, low crystallinity and more thermally reactive) for DCFC uses. 
In the catalytic decomposition of methane, Ni supported on TiO2 and a 1:1 mixture 
of TiO2/Al2O3 gave high and stable methane conversions of about 60% at only 600 
oC compared to 1200 oC required for the non-catalytic conversion. These catalysts 
were found to be the best catalyst systems of the tested catalysts.  
Considering the thermal oxidation and crystallinity data which are some of the 
properties of the carbon required for direct carbon fuel cells (DCFCs), the carbon 
produced can potentially be used in DCFC systems. 
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Chapter 1 
 
General Introduction 
 
1.1 Background 
 
Power in the form of electricity is an integral and indispensable part of human 
development as most operations from household to industry require electricity.1-4 
However, not everyone has access to this important utility and even those who have 
access do sometimes experience frequent power interruptions and scheduled 
blackouts as the power utility providers can not meet the ever increasing demand 
caused by the boom in industrialization and urban growth.5,6 In South Africa for 
example, a spate of scheduled power blackouts were experienced during the first 
quarter of 2008 which disrupted many operations from the household to the 
industrial level.7,8  What makes it even more complicated is that some areas in South 
Africa are far from major energy providers such as ESKOM and this poses problems 
in terms of cost for the energy provider if they are to supply energy to the rural 
masses. Electricity problems are not unique to South Africa, but are common to most 
African countries and many other countries around the globe.9 There are currently 
initiatives in place such as solar and nuclear power which supplement the current 
energy generation from coal (national grid). However, they are by themselves not 
enough to meet the ever increasing populations’ energy demand as reported by 
Horen et al.10 
About 80% of the world’s electricity comes from fossil fuels which comprise coal, 
oil and natural gas. In South Africa for example, over 90% of the electricity comes 
from coal.11 During the conversion of coal into electricity, a large amount of carbon 
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dioxide gas (CO2) is emitted to the atmosphere. It is estimated that 400 million 
tonnes of carbon dioxide are emitted per year from coal related activities such as 
electricity generation and production of synthetic fuels. Being a “greenhouse gas,” 
CO2 release to the environment is a cause for concern.12,13  The seriousness of this 
problem can be demonstrated by the advocacy and willingness of many countries to 
support the move aimed at reducing emissions as one way of addressing climate 
change during a World Leaders Meeting in Copenhagen in December 2009.14 
Improved technologies with less carbon emissions and development of alternative 
energy sources are therefore required.15 
Carbon fuel cells [or direct carbon fuel cells (DCFCs)] have been known for some 
time but a patent submitted in 2003 (filing date 2004; publication date 2008; Cooper 
and Cherepy)16 stimulated much research in this area of energy studies. In the 
original work carbon from a range of sources were used and different catalysts were 
explored for making the carbons. The studies indicated that coal could be used as the 
carbon source. Thus the study of the DCFCs is relatively new and very little work 
has been done on these types of cells. A schematic diagram of DCFC is shown in 
Figure 1.117 
 
Figure 1.1: Diagram of a direct carbon fuel cell17 
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A primary issue in this thesis was – can carbons generated from a cleaner source, in 
particular methane, be used to make carbons for DCFC use?  In this study two 
different routes to making carbons have been used. The objective in the thesis is to 
make carbons that will readily react to generate energy in a controlled fashion in a 
carbon fuel cell.  The carbons must thus be amorphous, be free of catalyst poisons 
and be chemically reactive.  
The first route to make these specific types of carbon entailed a non-catalytic 
pathway. This process made carbon spheres. The carbons generated (spheres) made 
in this way have not been used before in a carbon fuel cell. These carbons fulfil the 
requirements of use in a DCFC. 
In the second route Ni has been used to decompose methane and generate carbons. 
Novelty here resides in the use of (i) TiO2 as a support and (ii) mixed supports to 
make the required carbons. It is to be noted that Ni has previously been used to make 
carbon nanotubes and fibres by others (see literature survey) but NOT with the 
objective of using the carbons in a carbon fuel cell. The properties of the carbons 
were thus investigated to establish the best procedures to make the CORRECT 
carbons for use in the fuel cells. These properties are not necessarily those that are 
needed for other uses (e.g. as catalyst supports). 
It is acknowledged that the Ni and TiO2 residues may impact on the carbon fuel cell 
activity/lifetime; issues that will eventually need to be explored. Removal of the 
residues can be achieved by acid treatment using standard procedures if needed. 
However, the advantage of using the catalyst is that the decomposition temperature 
of the methane is reduced dramatically when compared to the non-catalytic route.  
Characteristics of the carbon required for high energy efficient DCFCs include a 
high degree of disorder in the orientation of the graphene plane, a high surface area, 
small particulate size, a good surface wetting ability, low crystallization and a high 
electrical conductivity.16  Small particulates enhance dispersion of the carbon into the 
molten salt. The carbon should also have a low ash and sulfur content.18 A low 
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sulphur content prevents co-production COS or CS2 during a cell reaction instead of 
only generating pure CO2 as by-product   
Considering the abundance of methane and the fact that it is already being used to 
produce hydrogen as feedstock for hydrogen fuel cells, the economics of methane 
utilization could be greatly improved if techniques for the production of hydrogen 
with co-production of useful carbon, suitable for these carbon fuel cells, are 
established. Furthermore, direct carbon fuel cells produce clean CO2 which can be 
captured and sequestered or put to other chemical uses. In so doing, the emission of 
CO2 to the environment can be greatly minimised.  
Studies on methane as a source of energy have been reported by many authors. These 
include conversion of methane to hydrogen which can be used in hydrogen fuel 
cells.19-21  Despite some limitations, such as hydrogen storage and transportation, 
there is a growing interest in this technology because these cells are efficient in the 
production of electricity. In addition, hydrogen fuel cells are environmentally 
friendly because they do not emit CO2.22   
 
1.2 Justification for the research theme 
With the discovery of direct carbon fuel cells (DCFCs) (Figure 1.1) which can 
convert carbon particles directly into electricity by the following reaction:  
 C (s) + O2 (g)           CO2 (g)  +  energy  
at temperatures between 650-800oC,23 methane conversion techniques that can 
produce both clean hydrogen and useful carbon products suitable for the direct 
carbon fuel cell would be very desirable. This research project was therefore 
undertaken with the aim to decomposing methane not only to produce H2 but to 
evaluate the potential of the carbon co-produced for possible use in direct carbon fuel 
cells, a move that will not only provide for an alternative energy source but can also 
impact greatly on the reduction of carbon dioxide emissions. 
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1.3   Research objectives  
The objectives of the study were the following: 
 To investigate conditions that may be suitable for the decomposition of 
methane to produce clean hydrogen and solid carbon for use in the direct 
carbon fuel cell. Such conditions include temperature, change in reactor set-
up, the use of supported catalysts such as Ni/TiO2 and Ni/Al2O3.  
 To evaluate the carbons generated from methane decomposition for fuel cell 
use.  
 To characterize the catalysts used in the decomposition of methane using 
various techniques such as transmission electron microscopy (TEM) and 
other characterization techniques such as Raman Spectroscopy, X-ray 
diffraction (XRD) and energy dispersive X-rays (EDX).  
 To characterize the carbon produced from the methane decomposition using 
techniques similar to those for catalyst characterization. 
 To compare the reactivity of different carbons (i.e. from different 
decomposition conditions) by investigating their thermal properties using 
thermogravimetric analysis (TGA). 
1.4   Outline of the dissertation 
 
The thesis outline is as follows: 
Chapter 2:- In this chapter, a review of the literature pertaining to methane 
decomposition including characterization of the respective products and their 
application in high efficiency energy fuel cells will be presented.  
                                                                     6 | P a g e  
 
Chapter 3:- In this chapter, non-catalytic methods of methane decomposition using 
horizontal and vertical reactors are reported. The investigations were carried out at 
temperatures ranging from 800oC to 1200oC and the report is outlined as follows: 
 Methodology 
 Results and discussion 
 Conclusion 
Chapter 4:- Catalytic methods of methane decomposition; the findings are discussed 
in this chapter and the lay out will be as in Chapter 3.  
Chapter 5:- A general conclusion for the whole research project and 
recommendations for future work are presented in this chapter. 
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Chapter 2 
 
General Literature Review 
 
2.1  Introduction 
In this Chapter, a review of the current power sources including their limitations and 
the impacts such limitations have on the economy with reference to the South 
African perspective is presented. Also discussed in this Chapter are the 
environmental impacts associated with the current modes of power production. This 
shall be followed by some power mitigation efforts. Lastly, there is a presentation on 
current initiatives underway in the world such as the development of the DCFC, the 
key driver for this project.  
 
2.2  Current Power Source 
2.2.1  Coal 
Energy in the form of electricity is an indispensable resource and it can rightly be 
described as the driver for economic growth.1,2 It is used in both simple household 
operations and large manufacturing industries. The primary sources of energy 
currently are fossil fuels which include coal, oil and natural gas.3,4 Coal for example 
accounts for 26.5% of the global energy and contributes up to about 41.5% of the 
total world’s electricity (Figure 2.1).5,6  
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Figure 2.1: Current and future projections of coal contribution towards world energy 
production6  
In South Africa for example, about 94% of the total electricity generated is from coal 
(Figure 2.2).7  
 
Figure 2.2: Energy sources used in electricity generation in South Africa. Source: 
National Energy Regulator of South Africa NERSA—Electricity Supply Statistics 
(2005)7 
With an estimated 30.408 billion tons of coal reserves still to be exploited for many 
years to come,8 South Africa may continue to rely on coal as its principal source of 
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energy. In spite of these massive reserves, South Africa can not fully meet the 
national demand for electricity as was experienced in early 2008 when power 
rationing and frequent blackouts were common place.9-11 It was estimated that about 
R50 billion was lost during the 2008 power crisis. The power crisis was due in part 
to the expansion of the economy which saw electricity demand growing by 50% 
between 1994 and 2008. It is further estimated that electricity demand will double by 
2030.  
2.2.2  Problems associated with use of coal 
Although coal is currently the mainstay for electricity generation, the processes 
involved produces CO2 as a by product12-14 (Equation 2.1) 
C + O2             CO2                                                (2.1) 
The CO2 is a “green house” gas and CO2 emissions have some serious environmental 
impacts such as global warming. Although technologies for carbon capture and 
storage are being developed,15,16 not much has been done currently to contain the 
huge quantities of carbon dioxide released from these power plants. Some of the 
factors contributing to the slow progress in CO2 removal include compatibility of the 
new technologies with the old power plants and the high cost attached to this new 
technology.17-20  In South Africa for example, about 400 million tonnes of carbon 
dioxide are being emitted every year and with an increased projection in coal usage, 
the amount of CO2 emitted will go up if proper measures are not put in place.20 
Therefore, technologies that could help mitigate power shortages while at the same 
time reducing carbon dioxide emissions, which is currently a great contributor of 
green house gases, are being sought.    
2.3  The direct carbon fuel cells (DCFC) 
The DCFC is an electrochemical cell that converts carbon directly into 
electricity.21,22  The process makes use of carbon particles from fossil fuels to 
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directly produce electricity and does not employ intermediate steps such as steam 
reforming that are normally used in conventional processes. The direct carbon fuel 
cell was first established some 110 years ago by Jacques.23,24 Research has been 
intermittent since then due to the development of steam power plants that appeared 
to be more efficient. The work was however resurrected in the 1970s by Weaver and 
co-workers23 but major breakthroughs were made by Cooper and co-workers.25 This 
technology is perceived to be the most efficient electrical power generation system 
currently available.26 It has an efficiency of about twice that of the hydrogen fuel cell 
(Table 2.1) which is currently under development.   
A higher efficiency in this case means the ratio of the energy output (useful work) 
divided by the energy input as demonstrated in Equation 2.2,27,28 
 
                                                                                                                   (2.2) 
where η is the energy efficiency. From the results displayed in Table 2.1, it can be 
deduced that the carbon fuel cell is more efficient and its actual operating efficiency 
approaches the theoretical value compared to those of methane and hydrogen. 
Table 2.1: Comparison of electrical efficiency from different generation sources29 
Fuel Theoretical 
Limit = 
∆G°(T)/∆H°std 
Utilization 
Energy, µ 
V(i), V 
(i=0) = εv 
Actual Efficiency = 
[∆G°(T)/∆H°std](µ)(εv) 
Carbon 1.003 1.00 0.80 0.80 
CH4 0.895 0.80 0.80 0.57 
H2 0.700 0.80 0.80 0.45 
 
η  =       (Energy output)/(Energy input) 
               =        ∆H out / ∆H in             
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A schematic representation of a DCFC is provided in (Figure 2.3).    
 
Figure 2.3: Schematic diagram showing direct carbon fuel cell employing carbon 
particulates mixed with molten salt electrolyte such as lithium carbonate25 
Here, the solid carbon is wetted with molten alkali carbonate or hydroxide electrolyte 
such as lithium, sodium or potassium hydroxide and is oxidized in air at 
temperatures between 650-800 oC, producing electricity in the process. 30-33 Li et al. 
have suggested that the carbonate electrolytes are superior to the hydroxide 
electrolytes because of their low volatility, high stability and high electrical 
conductivity.32 This is contrary to the report by researchers at the Scientific 
Applications and Research Associates (SARA) who observed a higher electrical and 
electrochemical conductivity when the hydroxide electrolyte was used. The reactions 
of the direct carbon fuel cell are presented in Equations 2.2, 2.3 and 2.4.21,34  
Cathode reaction:   O2   +   2CO2  +  4e-               2CO32-    (2.2) 
Anode reaction:   C   +   2CO32-                 3CO2   +  4e-    (2.3) 
Overall reaction:   C   +   O2       CO2                (2.4) 
  
                                                                    14 | P a g e  
 
These cells have an energy efficiency of approximately 80% which is much higher 
than the 47% and 57% for hydrogen and methane respectively.26,29,32,35 One other 
advantage of the DCFC is that the CO2 is produced in its pure form without 
impurities such as nitrous oxide.36,37 This makes it easier for the carbon to be 
captured and used for other applications as there is no need for further purification. 
The case is however different in conventional processes because they produce a 
mixture of CO2, nitrous oxide (NOx) and sulphur dioxide (SO2) and most old 
facilities do not have capacity to capture and separate the gases for further use. This 
results in the CO2 being emitted to the environment.38  
In spite of the high efficiencies that can be acquired by the DCFC, Cherepy et al3 
observed that some barriers to the efficient operation of the DCFC exist. These 
include the anode reaction, the electrical conductivity, the electrochemical reactivity 
and these are grossly dependent on the properties of the carbon. Similar observations 
were also made by Cao et al39 who reported an increase in electrochemical oxidation 
of about -400 mV for the carbon treated with hydrofluoric acid, probably owing to 
surface modification reactions. For example, the report cited surface properties of the 
carbon such as small size (30-100 nm), fibre type morphology and disordered carbon 
particles as some of the good attributes of a carbon required for DCFCs. Chen et al21 
also observed that lattice disorder, edge carbon ratio and presence of short alkyl side 
chains of carbon material enhanced the reactivity of the carbon. They further 
reported that the wetting ability of the carbon was important in order to ensure the 
efficient contact of the carbon with the electrolyte. It is for these reasons that this 
study placed emphasis the characterization of the carbon from methane produced 
under different conditions to determine their feasibility and possible application in 
DCFCs.  
Cooper26 further reported that direct conversion of natural gas such as methane could 
produce solid carbon which can be used in DCFCs as per the proposed flow diagram 
(Figure 2.4).  
  
                                                                    
 
   
Figure 2.4:
It is from this concept that this project was established.
 2.4  
Methane is a natural gas and is pr
organic matter. It is the principal component of natural gas and constitutes more than 
80% v/v of the world’s natural gas reserves.
application in heating homes and industri
gas which is used in the generation of electricity.
a feed stock for the production of chemicals and energy for the 21st century.
of the limitations for its extensive utilization is that much of the methane is found 
off-shore and in regions far from the industrial areas. This makes transportation or 
liquefaction of the gas to potential markets expensive.
to useful and easily transportable products such as solid carbon would help reduce 
the costs of methane utilization because of the ease in transporting the solid carbon 
compared to methane gas. Furthermore, 
methane conversion to carbon could be used in and around areas where it is 
produced while the carbon would be transported to distant places to serve as feed 
stock for energy production and various other uses.   
Studies on methane as a source of energy have been reported by several authors. 
These include conversion of methane to hydrogen which can be used in hydrogen 
 Schematic diagram showing production of electricity form natural gas
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fuel cells.43-45 A recent discovery is the use of carbon to directly generate electricity 
and a proposal that carbon from natural gas could serve as a fuel for DCFCs has 
opened up a new chapter on alternative uses of methane.25 One other advantage of 
the DCFCs is that the efficiency is quite high and could combine the efficiencies of 
methane and hydrogen (Table 2.1). This is encouraging because if both carbon and 
hydrogen are used in electricity generation, then the combined efficiencies would be 
so high that utilization of methane in electricity generation would be maximized. In 
view of these possibilities, the South African National Energy Research Institute 
(SANERI) initiated a project aimed at exploring the possibility of generating carbon 
from methane for use in DCFCs. When completed, this innovation could not only 
supplement the energy demand but also help reduce carbon emissions as the pure 
CO2 can easily be captured and used in other applications.  
2.5  Methane conversion to hydrogen and solid carbon 
A number of techniques, both catalytic and non catalytic have previously been used 
to decompose methane to hydrogen and carbon products. A brief review of the 
literature on methane conversion is presented. 
2.5.1  Non-catalytic methane conversion  
Non-catalytic decomposition of methane is one of the possibilities for one step COx-
free hydrogen and carbon production. This process involves pyrolysis or cracking of 
the methane to carbon and hydrogen.46 The challenge encountered with this method 
however is the high dissociation energy for methane (435 kJ/mol) due to the high 
strength of the C-H bond.47,48 High temperatures , ~1200 oC, are therefore required 
for its direct conversion to carbon and hydrogen. This results in high energy costs 
and it has also been reported that carbons produced at these high temperatures are 
often graphitic.49,50 Highly graphitic carbons usually have high oxidation 
temperatures as observed in this study, and they hence may not be suitable for use in 
DCFCs. In order to overcome this problem, supported transition metal catalysts have 
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been used to reduce the pyrolysis temperature.19,51 The problem associated with this 
route however is that the catalyst is quickly deactivated due to the build up of carbon 
on the catalyst particles.52,53 Ashok et el44 also reported that the hydrogen produced 
using some metal oxides catalysts is often contaminated with CO because the carbon 
from the dissociation of methane combines with the oxygen from the catalyst support 
to form CO. In order to avoid the problem of COx contamination, some authors have 
investigated the use of carbon-based catalysts for the direct decomposition of 
methane and other hydrocarbons.  
Muradov54 reported a range of carbon catalysts including activated carbon, graphite, 
acetylene black and carbon black that were tested for the decomposition of methane. 
Although some advantages such as the low price compared to metal catalyst, 
needless regeneration and separation or purification requirements,55 production of 
valuable carbon by-product and COx-free hydrogen, methane conversion is very low 
and the activated carbon quickly loses its activity. This is possibly due to carbon 
deposition on the active surface. For example, Bai et al56 reported methane 
conversion using different forms of carbon. However, methane conversion was low 
(Figure 2.5) due to a rapid decline in carbon activity. 
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Key: AC DX40, AC BC10, AC MZ10 and AC ZL 30 were all commercial activated 
carbons56  
Figure 2.5: Methane conversion using different forms of activated carbon at 850 oC  
In a related study, Ashok et al44 reported methane conversion using different carbons. 
It is further observed in their study (Figure 2.6) that methane conversion was low. 
 
Key: GAC=Granular activated carbon, COC=Cochin carbon, HYC=Hyderabad 
carbon, NEC= Needle carbon, IIC=IIP carbon, CAB=Carbon black44 
Figure 2.6: Methane decomposition activities over activated carbons at 800 oC19  
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Such low conversions would entail a lot of separation work so that the unreacted 
methane can be recycled and this would mean additional costs.  
Choudhary et al49 have also reported that binary mixtures of methane and other 
hydrocarbons such as propane and acetylene passed over an inert support enhanced 
the methane decomposition. It was observed that addition of propane (30% vol) did 
not enhance methane conversion. However, addition of about 7% V/V acetylene 
increased methane conversion from around 4% to about 18%. This increase can not 
be explained for now because because a repeat of a similar experiment (Figure 3.19) 
did not show an enhancement in methane conversion   
Muradov57 reported on COx-free methane conversion using carbon based catalysts 
such as activated carbon, carbon black and graphite. In spite of the initial high 
conversion displayed by activated carbon from coconut shell (Figure 2.7), the 
catalytic activity dropped drastically with time. 
 
Figure 2.7: Thermocatalytic decomposition of methane over different forms of 
carbon at 850 °C57 
One other study reported in the non-catalytic category is the non-thermal plasma 
(NTP) assisted decomposition of methane.  Muradov et al58 reported a 28-30% 
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methane conversion when methane decomposed to hydrogen and carbon in an NTP 
reactor.   
In view of these low conversions, Supported metal catalysts are commonly used in 
methane conversion. 
2.5.2  Catalytic methane conversion 
Metal supported catalysts have previously, and continue to be used, for the 
decomposition of methane to hydrogen and carbon. For example, Ni is commonly 
used in steam reforming of methane (SMR) and auto thermal reforming (ATR) 
reactions that are used to convert methane to hydrogen.19,59-63  Steam reforming of 
methane involves conversion of methane by reaction with water in the presence of a 
catalyst, usually nickel at high pressure. This process normally produces CO as a co-
product.  A further reaction with water, a process called water gas shift (WGS), is 
required to convert the CO to CO2. The process is shown in Equations 2.5 and 2.6.  
Steam methane reforming:      CH4  +  H2O               CO  +  3H2              (2.5) 
 Water gas shift reaction:        CO  +   H2O  CO2  +  H2    (2.6) 
Although these techniques are well established, they are complex and require 
multiple steps in order to produce hydrogen.19 It is observed in Equation 2.5 that the 
CO is co-produced together with hydrogen which has to be removed by further 
purification. It is necessary to remove the CO because concentrations above 10 parts 
per million (ppm) poison platinum electrodes when the hydrogen is used in proton-
exchange membrane (PEM) electrochemical fuels cells.64    
Auto thermal reforming  on the hand is a process used to produce hydrogen and CO 
commonly known as syngas,  by reacting methane with oxygen and CO2 or steam 
(H2O) in one single step as per Equations 2.7 and 2.862 
 2CH4  +  O2  +  CO2        3H2  +  3CO +  H2O       (2.7) 
4CH4  +  O2  +  2H2O    10H2  +  4CO     (2.8) 
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This method is not very effective for the production of syngas because the products 
are contaminated with CO2 when the reactions are carried out at temperatures below 
500 oC. Further more, additional steps are required to separate the hydrogen from the 
CO and CO2 if the hydrogen is to be used in hydrogen fuel cells. Matsumura et al65 
studied the effect of supports such as silica, γ-alumina and zirconia on the activity of 
nickel for steam methane reforming where it was observed that type of support had 
an influence on the activity of nickel. In their study, zirconia showed the highest 
activity followed by silica and then γ-alumina. 
It is observed in the preceding reactions (SMR and ATR) that carbon is lost in the 
form of CO2 or CO. These methane conversion routes can therefore not be used for 
the production of solid carbon required for DCFCs. 
Direct catalytic conversion of methane to hydrogen and carbon has been reported 
extensively. These processes involve direct pyrolysis of methane over supported 
metal catalysts to produce carbon and hydrogen.66 For example, Avdeeva et al67 
studied the effect of iron (Fe) and bimetallic compositions of Fe and copper (Cu) on 
methane decomposition (Tables 2.2a and 2.2b). 
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Table 2.2a: Catalytic properties of Fe-based catalysts for methane decomposition, 
demonstrating the influence of preparation method67 
 
 
Table 2.2b: Catalytic properties of Fe-Co/Al2O3 catalysts in the methane 
decomposition reactions67 
 
It is observed in Tables 2.2a and 2.2b that Fe supported on alumina did not 
effectively convert methane to hydrogen and carbon as methane conversion of less 
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than 10% was reported. The lower conversions also resulted in less carbon produced 
per gram of catalyst. Ermakova et al68 investigated the production of carbon and 
hydrogen from methane using Fe supported catalysts under different conditions. The 
supports used were SiO2, Al2O3, ZrO2, and TiO2. Carbon nanotubes, just as found in 
many other catalytic systems, were formed. However, the carbon yield was low 
based on the mass of Fe required.   
One other metal catalyst that has been widely investigated for the decomposition of 
methane is Ni. Nickel is believed to be one of the most active metals when it comes 
to methane decomposition probably owing to its surface structure.68 Takenaka et al69 
studied the effect of Ni, Pd-Ni Cu-Ni and Pt-Ni supported on SiO2 on methane 
decomposition for the COx-free production of hydrogen ad carbon nano fibers 
(Figure 2.8). The nickel loading was 5% while that of the promoter was 0.1%.  
 
 
Figure 2.8: Kinetic curves of methane conversion as a function of time on stream. 
Decomposition of methane over Ni/SiO2 with and without metal additives and over 
Pd/SiO2 at 823 K. Flow rate =40 ml/min, P(CH4) = 101 kPa, catalyst = 0.04 g69 
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It is further observed in Figure 2.8 that methane conversion was low and the catalyst 
quickly lost activity. These systems may therefore not be ideal for economic 
production of hydrogen and carbon for use in respective hydrogen and carbon fuel 
cells. 
The effect of a mixture of Ni and NiO on methane conversion was reported by 
Couttenye et al70.  In their study nickel acetate dispersed on either silica or cordierite 
was thermally decomposed to produce a mixture of Ni and NiO and these catalysts 
were tested for their ability to decompose methane to COx-free hydrogen. The nickel 
loading was 8 and 40% w/w and results of methane decomposition are presented in 
Figure 2.9.  
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Key: Si-N-40=40% Ni/SiO2 (nickel precursor was Ni(NO3)2.6H2O 
         Si-A-40=40% Ni/SiO2 (nickel precursor was Ni(CH3COO)2.4H2O 
         Si-N-8=8% Ni/SiO2 (nickel precursor was Ni(NO3)2.6H2O 
         Si-A-8=8% Ni/SiO2 (nickel precursor was Ni(CH3COO)2.4H2O 
         Cor-N-8=8% Ni on Celcor cordierite (Mg2Al4Si5O18) and nickel precursor was 
Ni(NO3)2.6H2O 
         Cor-N-8=8% Ni/Mg2Al4Si5O18 and (nickel precursor was Ni(NO3)2.6H2O 
Figure 2.9: Changes in methane conversion during methane decomposition using B1 
nickel catalysts. Experimental conditions: temperature = 550 ◦C, pressure = 1 atm, 
and flow rate = 40 ml/min70 
Results (Figure 2.9) showed an increase in methane conversion with increase in Ni 
loading. However, only 14% methane conversion was achieved at a 40% Ni loading 
and the catalyst activity declined to zero after 10 h.  Italiano et el71 also studied the 
decomposition of methane for the COx-free production of hydrogen in a structured 
multilayer reactor at different temperatures (773-873K). The reactor employed a 
silica cloth impregnated with nickel as metal catalyst where nickel was promoted by 
addition of magnesium. Results of the study are presented in Figure 2.10.  
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Figure 2.10: Catalytic decomposition of natural gas on N3-TLC: methane 
conversion vs time on stream as a function of reaction temperature: TR = 773 K; 
GHSV = 1900/h71 
In spite of an initial high methane conversion at 550 and 600 oC, methane conversion 
declined to zero within 4 h and 1 h respectively, a demonstration that the catalysts 
were no longer active.  Considerable stability was observed for decomposition 
carried out at 500 oC. These results demonstrate that high temperatures are not 
favourable for Ni/SiO2 systems, but conversions were however low at low 
temperatures.  
Zhang et al.72 reported on the conversion of methane over a 16.4% Ni/SiO2 catalyst. 
In their study, 20% methane in He was pyrolyzed over a 16.4% Ni/SiO2 catalyst at 
550 oC. In spite of an initial high conversion (ca. 35%, Figure 2.11),72  conversion of 
methane rapidly decreased within a 2 h period from the start of the reaction.  
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Figure 2.11: Deactivation of the Ni/SiO2 catalyst at 823 K and GHSV=30 000 h-1 
(feed: 20% CH4, balance He)72 
Further attempts to decompose methane for a COx-free hydrogen and carbon 
nanofiber production were reported by Chai et al.73 They performed methane 
conversion by using both un-promoted and promoted Ni/SiO2. Results of the study 
are presented in Table 2.3. 
Table 2.3: Methane conversions up to 90 min reaction over 9NiO-1M catalysts 
supported on SiO2 at 700 oC73 
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It is observed in Table 2.3 that despite a high initial methane conversion, the catalyst 
deactivated rapidly, hence it may not be an ideal method for large scale production of 
hydrogen and carbon. 
From the literature cited, it is observed that attempts to find a suitable catalyst and 
conditions that could convert methane to COx-free hydrogen required for hydrogen 
fuel cells, are well documented. However, most of these catalysts are not able to 
effectively decompose methane or they are easily deactivated at relatively higher 
temperatures. 
Here we report on investigations into the production of hydrogen and solid carbon 
from methane using both non-catalytic and catalytic methods followed by 
characterization of the solid carbon produced for possible use in high energy 
efficient DCFCs.  
 
 
 
 
 
 
 
 
 
 
  
                                                                    29 | P a g e  
 
2.6    References  
                                                            
 
1. Yılmaz A.O., Tuncay U. Energy Policy 35 (2007) 1117-1128 
2. Winkler H. Energy Policy 33 (2005) 27-38   
3. Cherepy N.J., Krueger R., Fiet K.J., Jankowski A.F., Cooper J.F. J. 
Electrochem. Soc. 52 (2005) A80-A87  
4. Franco A., Diaz A.R. Energy 34 (2009) 348-354    
5. World Coal Institute. http://www.worldcoal.org/resources/coal-statistics/. 
Accessed 04/07/2010   
6. Energy Information Administration / International Energy Outlook 2009.  
http://www.eia.doe.gov/oiaf/ieo/pdf/coal.pdf. Acessed 04/07/2010 
7. Amusa H., Amusa K., Mabugu R.  Energy Policy 37 (2009) 4167-4175 
8. World Energy Council, 2009. Survey of Energy Resources-Interim Update 
2009, p4  
9.  Inglesi R., Pouris A. S Afr J Sci. 106 (2010) 50-53 
10. Inglesi R. Applied Energy 87 (2010) 197-204 
11. Heffner G., Maurer L., Sarkar A., Wang X. Energy 35 (2010) 1584-1591 
12. Falcke T.J., Hoadley A.F.A., Brennan D.J., Sinclair S.E. Process Safety and 
Environmental Protection. doi:10.1016/j.psep.2010.08.002    
13. Tontiwachwuthikul P., Chan C.W., Kritpiphat W., Skoropad D., Gelowltz D., 
Aroonwllas A., Jordan C. Energy Convers. Mgmt. 37 (1996) 1129-1134  
14. Othman M.R., Martunus, Zakaria, R., Fernando, W.J.N. Energy Policy 37 
(2009) 1718-1735  
15. Stewart C., Hessami M-A. Energy Conversion and Management 46 (2005) 
403-420  
16. Freund P. Waste Management 17  (1997) 281-287  
17. Chikkatur A., Sagar A. Energy Procedia 1 (2009) 3901-3907 
18. Heberle J.R., Edwards C.F. Energy Procedia 1 (2009) 4055-4062 
  
                                                                    30 | P a g e  
 
                                                                                                                                                                        
19. David J. Herzog H. The cost of carbon capture 
http://sequestration.mit.edu/pdf/David_and_Herzog.pdf. Accessed 
08/07/2010  
20. Surridge A.D.,  M C.  Energy Procedia 1 (2009 ) 1741-1744 
21.  Chen M., Wang C., Niu X., Zhao S., Tang J.,  Zhu B. Int. J. Hydrogen 
Energy 35 (2010) 2732-2736  
22. Li H., Liu Q., Li Y. Electrochimica Acta 55 (2010) 1958–1965  
23. Jacques W.W. US Patent No. 555,511, 1896  
24. Liu Q., TianY, Xia C., Thompson L.T., Liang B., Li Y. J. Power Sources 185 
(2008) 1022-1029 
25. Cooper J. Carbon conversion Fuel Cells. http://www-cm.llnl.gov/s-
t/carbon_con.html.  Accessed 26/02/2007 
26. Zecevic S., Patton E.M., Parhami P. Carbon 42 (2004) 1983-1993  
27.  Cullen J.M., Allwood J.M. Energy 35 (2010) 2059-2069 
28.  Patterson M.G.  Energy Policy 24 (1996) 377-390.  
29. Hackett G. A., Comparison of Efficiencies of Different Fuels, MSc 
dissertation, West Virginia University, 2006 
30. Jain S. L., Nabae Y., Lakeman B. J., Pointon K.D., Irvine J.T.S. Solid State 
Ionics 179    (2008) 1417–1421  
31. Li X., Zhu Z., De Marco R., Bradley J. and Dicks A. J. Phys. Chem. A, 
published online 7 October 2009  
32.  Li X., Zhu Z.H.., Marco R.D., Dicks A., Bradley J., Liu S., Lu G.Q. Ind. Eng. 
Chem. Res. 47 (2008) 9670-9677  
33. Cherepy N.J., Krueger R., Fiet K.J., Jankowski A.F., Cooper J.F. J. The 
Electrochemical Society, 152 (2005) A80-A87  
34. Steinberg M. Energy Procedia 1 (2009) 1427–1434  
35.  Cao D., Sun Y., Wang G. J. Power Sources 167 (2007) 250-257 
36. Steinberg M., Cooper J.F., Cherepy N. Green House Gas Control 
Technologies-6th International Conference, 2003, p1307-1310   
  
                                                                    31 | P a g e  
 
                                                                                                                                                                        
37. Dicks A.L. J. Power Sources 156 (2006) 128-141  
38. Lazara P. The Electricity Journal (2001) 62-68  
39. Cao D., Wang G., Wang C., Wang J., Lu T. Int. J. Hydrogen Energy 35 
(2010) 1778-1782  
40.  Zhang Y., Smith K. J. Catal. Lett. 95 (2004) 7-12 
41.  Chaoudhary T. V., Sivadinarayana C., Chusuel C. C., Klinghoffer A., 
Goodman D. W. J. Catal. 199 (2001) 9-18 
42.  Gueret C., Daroux M., Billaudi F. Chemcal Engineermg Science 52 (1997) 
815-827  
43.  Lunsford J. H. Catal. Today 63 (2000) 165-174 
44.  Ashok J., Kumar S. N., Venugopal A., Kumari V. D., Subrahmanyam M. J. 
Power Sources 164 (2007) 809-814 
45. Choudhary T. V., Sivadinarayana C. Goodman D. W. Chem. Eng. J. 93 
(2003) 69-80  
46. Holmen A. Catalysis Today 142 (2009) 2-8  
47. Lee K. K., Han G. Y., Yoon. K. J., Lee B. K. Catal. Today 93-95 (2004)    
81-86  
48. Choudhary T. V., Goodman  D. W. J. Catal. 192 (2000) 316-321   
49.  Choudhary T.V., Aksoylu E., Goodman D. W. Catalysis reviews 45 (2003)     
151-203 
50.  Scurrell M. S. Applied Catalysis 32 (1987) 1-22 
51.  Muradov N. Proceedings of the 2002 U.S. DOE hydrogen Program Review. 
52. Baker E.G., Mudge L.K., Brown M.D. Ind. Eng. Chem. Res 26 (1987)    
1335-1339  
53. Froment G.F., Bischoff K. B. Chemical Engineering Science  16 (1961)   
189-201  
54.  Muradov N.Z. Int. J. Hydrogen Energy 26 (2001) 1165-1175 
55. Lee K.K., Han G.Y., Yoon K.J., Lee B.K. Catalysis Today 93-95 (2004)    
81-86 
  
                                                                    32 | P a g e  
 
                                                                                                                                                                        
56. Bai Z., Chen H., Li B., Li W. J. Anal. Appl. Pyrolysis 73 (2005) 335-341 
57. Muradov N.Z. Energy & Fuels 12(1998) 41-48  
58. Muradov N., Smith F., Bockerman G., Scammon K. Appl. Catal. A: General 
365 (2009) 292-300 
59. Choudhary V.R., Rajput A.M. Ind. Eng. Chem. Res. 35 (1996) 3934-3939  
60. Matsumura Y., Nakamori T. Appl. Catal. A: General 258 (2004) 107-114   
61. Ochoa-Ferna´ndez E., Rusten H.K., Jakobsen H.A., Ronning M., Holmen A., 
Chen D. Catal. Today 106 (2005) 41-46   
62. Ayabe S., Omoto H., Utaka T., Kikuchi R., Sasaki K., Teraoka Y., Eguchi K. 
Appl. Catal. A: General 241 (2003) 261-269 
63. Ochoa-Ferna´ndez E., Lacalle-Vila` C., Christensen K.O., WalmsleyJ.C., 
Rønning M.,Holmen A., Chen D. Topics in Catalysis 45 (2007) 3-8 
64.  Chen J., Zhou X., Cao L., Li Y. Proceedings of the 7th Natural Gas 
Conversion Symposium, June 6-10, 2004, China, p73-78 
65. Matsumura Y., Nakamo T.  Appl. Catal. A: General 258 (2004) 107–114 
66  Shah N, Panjala D., Huffman G. P. Energy and Fuels 15 (2001) 1528-1534 
67. Avdeeva L. B., Reshetenko T. V., Ismagilov Z. R.,Likholobov V. A. Appl. 
Catal. A: General 228 (2002) 53–63 
68.  Ermakova M. A., Ermakov D. Yu. Chuvilin A. L., Kuvshinov G. G. J. Catal. 
201 (2001) 183-197 
69. Takenaka S., Shigeta Y., Otsuka K. Chemistry Letters 32 (2003) 26-27  
70. Couttenye R. A., Vila M. H. D., Suib S. L. J. Catal. 233 (2005) 317-326 
71. Italiano  G., Espro C., Arena F., Frusteri F., Parmaliana A. Appl. Catal. A: 
General 357 (2009) 58-65 
72.  Zhang T., Amiridis M.D. Appl. Catal. A: General 167 (1998) 161-172 
73. Chai S-P., Zein S.H.S., M.A.R. Journal of Natural Gas Chemistry 15 (2006) 
253-258 
                                                                     
 
 
 
3.1.  
Because of the development of the DCFCs and a propos
gas (methane) could also be used in these high energy efficient fuel cells,
solid carbon from methane could greatly improve methane utilizatio
methane can be used among others as a source of hydrogen for hydrogen fuel cells.
It is perceived to be the energy carrier for the future.
and hydrogen from methane in these high energy efficient fuel cells 
improve methane utilization and provide much needed additional power. 
A number of techniques including the SR
being used to produce hydrogen for hydrogen fuel cell and other applications.
However, the
3.1)8 while methane conversions are low in other reported studies.
Scheme 3.1
Direct conversion of methane to hydrogen and solid ca
route to the steam reforming of methane and can be more attractive by alleviating the 
problem of CO
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efficient DCFCs which are currently under development while the hydrogen can be 
used in hydrogen fuel cells and other applications. However, the quality of carbon 
plays a very big role in determining its reactivity in the DCFC.2,9 For example, small 
size and low crystallinity are some of the properties of carbon required in DCFCs.  
The purpose of this study was to evaluate the carbon produced from methane 
decomposition under different conditions such as temperature, flow rate and reactor 
set-up and to determine the suitability of the carbon for use in DCFCs.  
In this study, the non-catalytic method of methane decomposition as a function of 
experimental parameters was investigated and this included: 
 Effect of temperature on methane decomposition and quality of carbon 
produced  
 Effect of flow rate on methane decomposition and quality of carbon produced 
 Effect of reactor setup on the quality of carbon produced 
 Effect  of gas mixtures on methane decomposition 
The carbon so produced was characterized by various techniques such as Raman 
spectroscopy, TEM, SEM and TGA. Details are discussed in the Sections that 
follow. 
 
 
 
 
 
 
 
                                                                     
 
3.2   
3.2.1  
Temperature is one of the most important parameters affecting methane conversion 
as thermal energy is required to dissociate the C
approximately 435kJ/mol. In order to determine the optimum temperature for 
methane conversion, methane decomposition was carried out at temperatures ranging 
from 800 to 1200 
heating range from ambient to 1200 
heating zone and the quartz tube where decomposition takes place are arranged in a 
horizontal orientation as shown
 
 
Figure 3.1
In this arrangement, carbon from methane decomposition is normally deposited 
inside the quartz tube within the heating zone. Due to extended exposure to heat and 
continuous deposition of carbon particles onto the already formed carbon, the carbon 
is more graphitic compared with those produced from a vertical reactor 
be demonstrated in 
orientations is the size of the carbon spheres obtained. Details of the vertical reactor 
are presented in 
Experimental
Effect of temperature on methane decomposition
oC 
: Horizontal furnace used for the decomposition of methane
Section 3.1.4
 
using a horizontal furnace (Lenton Elite 
 
section 3.1.4
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In this study, methane decomposition was performed by passing methane (99.5%) 
through a quartz tube (80 cm long, 2.9 cm internal diameter) that 
furnace and heated to the preset temperature. The residual gases which were a 
mixture of un
and analyzed using a gas chromatograph (GC) which was coupled to a thermal 
conductivity detector (TCD). A summary of the conditions used is presented in 
Table 3.1
Table 3.1
Parameter
Reactor temperature
Methane flow
Sample analysis
Column 
Carrier gas
Detector 
 
The data obtained from the decomposition was used to calculate methane conversion 
by applying 
temperatu
need for internal standards. 
The carbon produced from these reactions was characterized by Raman 
spectroscopy, scanning electron microscopy (SEM) and transmission electron 
-reacted methane and hydrogen were sampled using a 1 ml gas syringe 
  
: Parameters for methane decomposition and analysis
 
 
 
 
 
Equation 3.1
re on methane conversion. 
. This data allows for an evaluation of the effect of 
 
36 | P a g e
Condition
800-1200 
60 ml/min
Sample volume: 1
syringe) 
Carboxen-
Argon 
TCD 
Sinc
 
 
oC 
 
ml (using gas 
1000 packed
e pure methane was 
 
 
was placed in the 
used, there was no 
        [3.1] 
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microscopy (TEM). Thermal and surface properties were studied using a 
thermogravimetric analyzer (TGA) and Brunauer-Emmett-Teller (BET) equipment 
respectively. A detailed discussion of these characterization techniques will be 
provided in the sections that follow. 
3.2.2  Effect of flow rate on the methane decomposition 
Flow rate is one of the most important parameters that are studied where gaseous 
samples are involved because the flow rate of the sample affects the gas residence 
time in the reactor. This could have an effect on the reaction of the gaseous sample 
and sometimes, even the quality of the products may vary. Therefore, effect of flow 
rate on the conversion of methane and the quality of the carbon produced was 
investigated.  
Methane (99.5%) was decomposed at a fixed temperature (1200 oC) by passing the 
gas through a horizontal quartz tube. Methane flow rates of 10, 20, 60, and 100 
ml/min were used. The residual gases comprised hydrogen and un-reacted methane 
and were analyzed as described in the preceding section.  
3.2.3 Effect of reactor setup on the quality of carbon from methane 
decomposition 
Besides doing studies on methane decomposition using the horizontal reactor, some 
work was also performed using a vertical furnace. A vertical furnace similar in 
construction to the horizontal reactor was used, the difference being the orientation 
of the reactor (Figure 3.2). 
                                                                     
 
In addition, the vertical reactor is operated in such a way that the carbo
from methane decomposition is collected in the collecting flasks outside the heating 
zone.  Depending on the reactor construction, the gas (methane) can either be fed 
from the bottom or the top but the one used in the study was as shown in 
3.2.4  
The effect of the addition of small amounts of other gases on the methane conversion 
was studied. It has been suggested that radical formation from the other gases at high 
temperature could enh
acetylene, nitrogen and argon. The ratio of methane to the other gases used was 
90:10 v/v. Decomposition was performed using a horizontal reactor at 1100 
the combined gas flow rate was maintain
Figure 3.2
Effect of gas mixture on methane decomposition 
: Schematic representation of a vertical reactor
ance methane conversion.
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3.2.5  Surface area characterization using BET 
Surface area, a measure of the exposed surface of a solid, is an important property of 
the carbon that is required for use in DCFCs. It has been reported recently by Cao et 
al.14,15  that a large surface area is needed to enhance the electrochemical reactivity 
of the carbon in the DCFCs although the actual surface areas of the carbon tested 
was not given. Cherepy et al.16 however indicated that there was insufficient 
evidence on the effect of increased surface area on the enhancement of carbon 
reactivity.  It was therefore deemed necessary to evaluate the surface area of the 
carbons that were produced from the three studies (i.e. from effect of reaction 
temperature, effect of methane flow rate and effect of reactor set-up) on methane 
decomposition as this information could be useful when considering the potential 
reactivity in a DCFC.  
Surface area analysis of the carbon samples was performed by nitrogen adsorption at 
-196 oC using an automated Micromeritics Tristar 3000 V6.05 gas adsorption 
analyzer. Samples were first degassed using N2
 
gas using a Micrometrics Degassing 
System at 120 oC over night in order to remove moisture and any volatile adsorbents.  
3.2.6  Characterization of the carbon using TEM 
Transmission electron microscopy (TEM), both at low and high resolution, is a 
technique that is used to produce images of a sample by passing a beam of electrons 
through the specimen (usually as a thin film).17 It works in a similar way to a light 
microscope; the only difference being that TEM uses electrons and gives a better 
resolution compared with light microscopes which are limited by the wavelength of 
light. Using TEM, it is possible to study the structure of a material from the images 
produced. In this research project, TEM was used to study the structure of the carbon 
produced using different conversion conditions such as change in temperature, 
methane flow rate and also the change in reactor set-up.  
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In a typical run, a small quantity of carbon material was dispersed in methanol (about 
5 cm3) using an ultrasonic bath (Bransonic ultrasonic bath, model 3510E-MT) for 10 
min.  A drop of the suspension was spread onto a holey carbon copper grid          
(200 mesh) and allowed to dry. The grid was then mounted onto the exchange rod 
and placed into the chamber of the TEM (JEOL 100S) for viewing. The sample 
chamber was pre-evacuated in order to prevent gas molecules from obstructing the 
movement of the electrons through the chamber. Viewing of the specimen was done 
by following a few work-up procedures, such as adjustment of the magnification, the 
focus and contrast.  
3.2.7   Scanning electron microscopy  
Scanning electron microscopy (SEM) is a technique that is used to study the surface 
morphology or physical nature of solids.18 SEM uses a beam of electrons to scan the 
surface of the sample. As the surface is being scanned, a variation in electron current 
which is dependent on the surface properties occurs. This variation is depicted as a 
map showing the surface morphology of the sample.  
Carbon samples (from methane decomposition) were mounted on aluminium stubs 
with carbon tape as a support. The samples were then coated with gold palladium 
sputter in order to make the surface conductive. Viewing of the specimen was 
performed by mounting the sample into a SEM (JEOL, JSM-840 Scanning 
microscope) and irradiating the specimen with a beam of electrons. This was 
followed by proper magnification and focusing for better viewing of the specimen’s 
surface. 
 
3.2.8  Characterization of the carbon using TGA 
Thermogravimetric analysis (TGA) is an analytical technique that is used to study 
the reactivity of a sample (e.g. carbon material) in a gas with changes in 
temperature.19,20 The changes are often associated with weight loss resulting from the 
dehydration or decomposition of a sample as the temperature is increased to a 
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predetermined temperature. The weight loss can also arise from the formation or 
decomposition of bonds that may lead to the release of volatile compounds. In some 
cases, a gain in mass is observed. This occurs for example, when the sample that 
contains metal particles is oxidized to metal oxides. Besides reactivity, 
thermogravimetric analysis can also help determine the purity of the sample. For 
example, one can easily determine the percentage carbon from a sample containing 
residual catalyst in cases where a catalyst was used in the methane decomposition 
reaction.   
The thermogravimetric analysis (TGA) apparatus comprises an automatic balance 
(located away from the furnace) onto which a test material is suspended using an 
aluminium pan. The pan containing the sample is then enclosed in a furnace 
(depending on the model) which is heated from room temperature to a                   
pre-determined temperature at a heating rate of typically between 5 and 10 oC per 
minute. The sample is automatically weighed while being heated to higher 
temperatures and the percent mass loss or gain is recorded as a function of 
temperature.  
In this study, carbon samples from the three studies (i.e. from the effect of 
temperature, the effect of flow rate and the effect of reactor set-up on methane 
decomposition) were analyzed using a Perkin Elmer Pyris 1 TGA. About 10 mg of 
sample was heated from ambient temperature to 900 oC under a flow of air at a 
heating rate of 10 oC/min. The samples were continuously weighed as they were 
being heated to a higher temperature and the weight loss or gain was automatically 
recorded as a function of increasing temperature. 
A summary of the TGA operating conditions are presented in Table 3.2 
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Table 3.2: Thermogravimetric analysis conditions for the carbon spheres 
Parameter Analysis condition 
Temperature From ambient to 900 oC at a heating rate of 10 oC/min 
Environment Air 
Sample mass Approximately 10 mg 
 
3.2.9  Raman spectroscopy  
Raman spectroscopy is a spectroscopic technique similar to infrared spectroscopy. 
However, in this technique, the change in vibrational motion must change the 
polarizability of the molecule if the molecule is to be Raman active.21 Raman 
spectroscopy is commonly used in chemistry and other fields of science to study 
vibrational, rotational and other low frequency modes in a sample.22 It takes 
advantage of the differences in vibrational modes and energies of molecular bonds. 
When the sample is irradiated with a laser beam, usually in the visible, near infrared 
or near ultraviolet range, some monochromatic radiation is scattered. The scattered 
light has different energies depending on the types of molecular vibrations present in 
the sample. It is this backscattering that enables one to determine the structure and 
the quality of the sample in the case of carbon. Main peaks considered in Raman 
analysis are the D band that arise from the disorder or due to sp2 hybridized carbon 
and the graphitic band (G).23 The ratio of D to G band therefore determines the 
crystallinity of the carbon material. An aD/aG less than one would mean the material 
is crystalline while a value greater than one would imply the material is less 
crystalline or armophous. 
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Raman spectroscopy of MWNTs was performed in the School of Physics (Raman 
and Luminescence Laboratory) using a Jobin-Yvon T64000 Raman spectrometer. It 
was operated in a single spectrograph mode with 600 lines/mm grating. A 514.5 nm 
line of the argon ion laser was used as the excitation source. Laser light was focused 
onto the sample using a 20x objective lens of an Olympus microscope. Laser power 
at the sample was kept at 1.2 mW or less in order to avoid local heating. The 
scattered light was collected in a backscattering configuration and was detected using 
a nitrogen cooled charge-coupled detector (CCD) detector. 
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3. 3  Results and Discussion   
3.3.1  Effect of temperature on methane conversion 
The effect of temperature on methane conversion was investigated in order to 
establish the optimum temperature at which methane would decompose to hydrogen 
and solid carbon. Decomposition was performed between 800 oC and 1200 oC and 
the methane flow rate was maintained at 60 ml/min. Results for these studies are 
presented in Figure 3.3.  
 
800 900 1000 1100 1200
0
20
40
60
80 86.978.1
63.8
19.8
7.1
Temperature (oC)
 
Figure 3.3: Methane conversion at different temperatures 
Results in Figure 3.3 demonstrate that methane decomposition under non-catalytic 
conditions is possible and that methane conversion was seen to increase with an 
increase in temperature. Unlike acetylene which easily decomposes at temperatures 
between 800 and 900 oC, considerable conversion of methane took place only at 
higher temperatures (> 1000 oC). This relates to the high stability of the methane 
molecule, with a dissociation energy of 435 kJ/mol24-27 which makes it difficult to 
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decompose methane at temperatures below 600 oC.  The carbons produced from 
these experiments were characterized by different techniques in order to determine 
their structure and thermal properties. Results are presented in the sections that 
follow.  
3.3.2  Characterization of the carbon using SEM 
Unlike the catalytic processes carbon spheres were produced in all non-catalytic 
processes as these are favoured when non-catalytic and high temperature conditions 
are used. Analysis of the carbon using SEM showed that spherical carbon balls, 
called carbon spheres, were formed. The spheres appear to be of uniform diameter 
and it is observed in some instances that they are accreted (forming a cluster or a 
chain-like structure (Figure 3.4). It was further observed that sphere diameters 
decreased with increase in decomposition temperature from 1000 oC to 1200 oC. 
Results are presented in Table 3.1.  
 
Figure 3.4: SEM of spheres produced from non-catalytic decomposition of methane 
at 1200 oC and a flow rate of 20 ml/min 
Accreted 
carbon spheres 
                                                                     46 | P a g e  
 
Table 3.3: Effect of increasing methane conversion temperature on average carbon 
sphere diameters calculated from 100 carbon spheres 
Methane conversion 
temperature (oC) 
Methane flow rate 
(ml/min) 
maximum carbon sphere 
diameters (nm)   
1000 20 675 ± 141 
1100 20 560 ± 75 
1200 20 478 ± 95 
 
3.3.3  Characterization of the carbon using thermogravimetric analysis 
Samples of the carbon spheres were analyzed using TGA under air in order to 
determine their thermal stability. This is an important property, especially for carbon 
that is to be used in a direct carbon fuel cell. These cells are operated at specific 
temperatures and TGA analysis can provide insight into the reactivity of the carbon 
produced under certain temperature conditions. TGA results are presented in Figure 
3.8. The increase in TGA profile for carbon spheres as evident at temperatures above 
700 oC could have been due to formation of an oxide while the mass loss occurring 
between 300 and 450 oC could be due to loss of amorphous carbon from the 
sample.28,29.  
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Figure 3.5: TGA thermograph of carbon spheres from methane decomposition at 
different temperatures 
Table 3.4: Comparison of decomposition temperature of carbon spheres from 
derivative graphs of the TGA thermal graphs in Figure 3.5 
Sample 
Decomposition 
temperature (oC) 
Methane flow 
rate (ml/min) 
Oxidation 
temperature (oC) 
Carbon spheres 1200 60 769 
Carbon spheres 1100 60 716 
Carbon spheres 1000 60 683 
 
Results of these investigations demonstrated that carbon spheres produced at higher 
temperatures (1200 oC, Figure 3.5) oxidized at a much higher temperature (769 oC) 
Depression 
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compared with those produced at 1100 oC (that oxidized at 716 oC) as observed in 
Table 3.4 with the decomposition temperature much lower for carbon produced at 
1000 oC (683 oC). These oxidation temperatures may still be acceptable when it 
comes to carbon reactivity considering that studies have demonstrated that DCFCs 
can be operated at temperatures from around 550 oC to 900 oC.30-32 In spite of the 
wide temperature range at which these DCFCs can be operated, some authors have 
reported a reduction in electrochemical efficiency and production of a mixture of 
carbon dioxide and carbon monoxide as by-product when cells are operated at 
temperature above 750 oC.33 Pure carbon dioxide is normally produced when the cell 
is run at temperatures below 700 oC.4 These changes could be from a 
thermaldynamics point.  
3.3.4  Characterization of the carbon using Raman Spectroscopy 
Raman analysis was performed in order to determine the crystallinity of the carbon 
as a function of reaction temperature. The decomposition temperatures used ranged 
between 900 and 1200 oC and the Raman spectra are presented in Figures 3.9a to 
3.9c respectively.  
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Figure 3.6a: Raman spectra of carbon spheres produced at 900 oC  
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Figure 3.6b: Raman spectra of carbon spheres produced at 1000 oC  
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Figure 3.6c: Raman spectra of carbon spheres produced at 1200 oC  
These results however contradict those of Chien et al.34 who observed an increase in 
crystallinity with an increase in reaction temperature when carbon hollow spheres 
were produced using tetrachloromethane (CCl4) with molybdenum (Mo). The second 
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order peak at around 2700 cm-1 (almost twice the peak position of the D band) 
observed in the Raman spectra at different temperatures is an overtone of the D 
band.35,36 This overtone can sometimes disappear as the D band broadens and 
becomes larger relative to the G band. This phenomenon is explained again in 
Section 3.2.8.  
Table 3.5: Summary of Raman results from carbon produced at different 
temperatures 
Decomposition temperature Peak area ratio (aD/aG 
900 2.29 
1000 2.31 
1200 2.33 
 
 
These results contradict data obtained from studies performed using TGA where the 
oxidation temperatures were seen to increase with increase in decomposition 
temperature, an indication that the material was probably becoming more crystalline 
with increase in temperature as resistance to oxidation is indicative of increased 
crystallinity.37 Further observations shall be made when these carbons are being 
tested in a fuel cell. 
3.3.5 Effect of flow rate on methane conversion and properties of 
carbon 
The effect of flow rate on the decomposition of methane and the quality of carbon 
produced at a fixed temperature (1200 oC) was investigated for a fixed period of 1 h. 
Flow rates of 10, 20, 60, and 100 ml/min were used. The carbon produced was 
In
creasing
 
diso
rd
er
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characterized by among other techniques TEM, TGA, BET and Raman spectroscopy. 
Results showing methane conversion against flow rate are presented in Table 3.6. 
Table 3.6: Comparison of methane conversion with changes in flow rate at a fixed 
decomposition temperature 
Decomposition 
Temperature (oC) 
Flow rate 
(ml/min) 
Methane 
Conversion (% ) 
Average mass of 
carbon (g) 
1200 10 87.6 0.076 
1200 20 86.1 0.115 
1200 60 85.2 0.514 
1200 100 N/A 0.790 
N/A:  Could not obtain methane conversion due to experimental problem  
The methane conversion showed a slight decrease with increase in flow rate from 10 
ml/min to 60 ml/min (Table 3.7).  By looking at the difference, one may urgue that 
the changes were not significant considering a drop of only of only 2.4% as thew 
flow rate was increased from 10 ml/min to 60 ml/min. This could have been caused 
by the high temperatures which inspite of the high flow rate were sufficient to 
decompose the methane.  
The carbon spheres produced from these experiments were characterized using TGA 
in order to determine if there were any changes in their thermal properties with 
change in flow rate. The results are presented in Table 3.8.  
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Table 3.7: Effect of flow rate on oxidation of the carbon spheres produced from 
methane 
Sample 
Flow rate at which 
produced (ml/min) 
Reaction 
temperature(oC) 
Oxidation 
temperature (oC) 
Carbon spheres 10 1200 846 
Carbon spheres 20 1200 783 
Carbon spheres 60 1200 769 
Carbon spheres 100 1200 746 
 
It is observed in Table 3.7 that the thermal properties of the carbon were affected by 
the flow rate of methane. For example, spheres produced at low flow rates (10 and 
20 ml/min) were thermally more stable as they oxidized at slightly higher 
temperatures (about 846 oC and 783 oC respectively) compared to those produced at 
60 and 100 ml/min which showed a maximum decomposition at 743 oC. The high 
stability for the carbon spheres at lower flow rates could be attributed to the high 
graphicity as observed in the Raman spectra (Figure 3.7a) which showed a high 
graphicity compared to the spheres produced at higher flow rates (Figures 3.7b, 3.7c 
and 3.7d). Lower flow rates may therefore not be ideal considering that these may 
affect carbon reactivity in DCFCs requiring the fuel cells to be operated at higher 
temperatures which are not ideal because of the production of carbon monoxide.33 
 
 
 
                                                                     
 
3.3.6  
The carbon spheres produced at diff
Results of the analysis are presented in 
Characterization of carbon spheres using TEM
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3.3.7  Characterization of the carbon spheres by Raman spectroscopy 
These carbon samples were also characterized using Raman spectroscopy in order to 
determine the degree of graphitization. Results are presented in Figures 3.9a, 3.9b, 
3.9c and 3.9d. 
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Figure 3.9a:  Raman spectrum of carbon spheres produced at 10 ml/min 
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Figure 3.9b:  Raman spectrum of carbon spheres produced at 20 ml/min 
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Figure 3.13c:  Raman spectrum of carbon spheres produced at 60 ml/min 
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Figure 3.13d:  Raman spectrum of carbon spheres produced at 100 ml/min 
 
 
 
                                                                     57 | P a g e  
 
Table 3.8: Effect of flow rate on crystallinity of carbon spheres  
Sample Flow rate ml/min Ratio of aD/aG 
Carbon spheres 10                   1.54 
Carbon spheres 20                   2.42 
Carbon spheres 60                   2.24 
Carbon spheres 100                   2.13 
 
Visual observation of the peak sizes for the disordered band (D) and the graphitic 
band (G) show that the D band (i.e. for the carbon spheres produced at 10, 20, 60 and 
100 ml/min (Figure 3.9a, 3.9b, 3.9c and 3.9d respectively)  was greater compared  
with the G band. A further analysis using peak areas (Table 3.) showed that the 
ratios of the peak areas (aD/aG) increased with increase in flow rate. The results 
showed that carbon spheres produced at higher flow rates (20 ml/min and above) 
were more disordered compared to those produced at lower flow rates. Carbon 
materials with aD/aG ratio greater than 1 are considered to be disordered. These 
results agree also with observations made by Xie et al.38 and Tay et al.39 who 
reported a decrease in hardness in carbon containing materials with increase in flow 
rate. Overtone peaks observed at around 2700 cm-1 in Figures 3.9a, 3.9b, 3.9c and 
3.9d are attributed to the D band and these peaks are seen to disappear as the D band 
increases relative to the G band. The second peak at about 2900 cm-1 is associated 
with the presence of the C-H groups in the material. A high disorder and presence of 
short alkyl chains is a good property of the carbon for use in DCFCs as these 
increase the reactivity of the carbon.14,15,      
D
ecreasing
 cry
stallinity
 
                                                                     
 
3.3.8 
In the preceding sections, a horizontal reactor was used. In this section, an 
investigation into the properties of carbon
reported.  
As discussed in the experimental section, a vertical reactor is one where the reactor is 
arranged in a vertical orientation and high flow rates up to 400 ml/min can be used. 
In these experiments, the carbon s
resulting from methane decomposition was pushed out of the heating zone into a 
collector vessel. This is because the carbon from the vertical reactor is pushed out of 
the heating zone into the collecting flasks.
the carbon is deposited on the inside of the tube in the heating zone and there is 
continued growth of the spheres due to carbon deposition from the continued 
methane decomposition
produced from the two set
Figure 3.1
horizontal reactor 
The vertical reactor was also observed to produce 
easily oxidized compared to those from the horizontal reactor.
Methane decomposition in the vertical 
oC for 30 min
Effect of reactor setup on the quality and other properties of the 
carbon spheres
0: Comparison of carbon spheres produced from 
 
 and the carbon produced was characterized by TEM, TGA and Raman
 
 as was also observed by 
-ups are 
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spectroscopy. Results of the TEM analysis are presented in Figure 3.10a and 3.10b, 
where it is seen that carbon spheres were produced as products. 
The spheres from the horizontal reactor appear to be translucent when viewed under 
the TEM compared to those produced from the horizontal reactor, which were black 
in colour. This shows that the spheres were not densely packed and could as a result 
allow a higher penetration of a beam of electrons. The product was fluffy and the 
density low. In the vertical reactor, carbons were formed that did not continue to 
grow. The average diameter for the carbon spheres produced from the vertical 
reactor was 298 nm while the average sphere size from the horizontal reactor at 100 
ml/min was 343 nm.  
3.3.9 Raman Analysis of carbon sphers from vertical and horizontal reactors  
Raman analysis of the sample (Figure 3.11) also showed that the carbon had a high 
degree of disorder with aD/aG = 2.01. Similar observations were also reported by 
Wu et al.41 who observed a low graphitization in carbon spheres produced using a 
vertical reactor. It is observed in Figure 3.12 that irrespective of the set-up, a higher 
flow rate produced carbon spheres that were less crystalline. 
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Figure 3.11: Raman spectra of carbon spheres produced from vertical reactor at 
1200 oC 
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Figure 3.12: Raman spectra of carbon spheres produced from horizontal reactor at 
200ml/min 
Based on the characterization data, these carbons would be ideal for DCFCs because 
of their high reactivity and high disorder as these are desired properties for carbon 
required for DCFCs.33 
 3.3.10 Effect of gas mixtures on methane decomposition using a vertical    
reactor 
Also investigated as part of the non-catalytic methane conversion study was the 
decomposition of methane in a mixed system containing other gases such as 
nitrogen, argon and acetylene. It has been suggested that the addition of small 
amounts of nitrogen and argon (about 10%) could enhance methane decomposition. 
This study was based on the work reported by Hanley et al.42, Hassan et al.43 and 
Kim et al.44. They reported an enhancement in methane activation when argon, NO2 
and oxygen were added to methane. NO2 and O2 were however not used in this 
study. These gases could generate some COx which would be undesirable 
contaminants of hydrogen. Results of the study are presented in Figure 3.19 
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Figure 3.13: Comparison of methane conversion between pure and binary mixtures 
at 1100 oC 
It is observed in the Figure 3.13 that methane conversion was not enhanced by the 
introduction of nitrogen or argon as the conversion values were almost the same. 
This may therefore not be necessary during methane decomposition. A mixture of 
methane and acetylene however registered a slightly lower conversion value (72%) 
compared to using methane alone (78%).  
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3.4   Conclusions 
In this Chapter, investigations on the effect of temperature, flow rate, reactor set-up 
and gas mixtures on methane conversion and quality carbon were performed and the 
conclusions below are drawn from the results obtained.  
 Methane decomposition data (Figure 3.3) confirm that methane is very stable 
as a high conversion of the CH4 in the absence of a catalyst was attained only 
at temperatures approaching 1200 oC. This is associated with the high 
stability of the C-H bonds.  Only 7.1% methane was converted to hydrogen 
and solid carbon at 850 oC and maximum conversion of 85.2% was reached 
at 1200 oC at a flow rate of 60 ml/min. Analysis of the carbon produced 
demonstrated that these carbons (especially those produced at higher flow 
rates, 20 ml/min and above) could be ideal for DCFCs as the carbon oxidized 
at temperatures below 750 oC, a temperature which is still acceptable for both 
low and high DCFC operation as observed in literature. 
 
 Flow rate was observed to have little effect on methane conversion at a 
reaction temperature of 1200 oC, possibly because of the high temperature. 
However, carbon produced at a higher flow rate such as 100 ml/min was 
more easily oxidized compared with those produced from a 10 ml/min (Table 
3.7). This suggests that higher flow rates are useful when highly active 
carbons such as those needed for the DCFC is desired. It has also been 
observed that carbon produced at higher flow rates may have a higher 
disordered arrangement compared with those produced at lower flow rates 
and this could be another contributing factor to their high thermal reactivity. 
 
 A comparison of the thermal properties of carbon spheres produced from the 
pyrolysis of methane using the vertical and horizontal reactors demonstrated 
that carbon spheres from the vertical reactor are more easily oxidized when 
compared to those from a horizontal reactor. Factors contributing to the 
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enhanced reactivity could be due to their smaller size and non-compact nature 
coupled by the high disorder as demonstrated in the Raman data (Figure 
3.11). The vertical set-up can therefore be considered ideal for producing 
carbon spheres for use in DCFCs. 
 
 Analysis of conversion data on the effect of binary gas mixtures on methane 
conversion showed that mixing methane with other gases such as nitrogen, 
argon and acetylene did not enhance its decomposition and was therefore not 
a good route for methane conversion.  
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Chapter 4 
 
 Methane conversion using catalytic methods  
 
4.1  Introduction 
Having observed methane stability and the need for high temperature (ca.1200 oC) in 
order to obtain a high conversion, an investigation into methane decomposition using 
supported metal catalysts that could lower the activation energy and hence lead to a 
lower decomposition temperature were initiated.   
Previous studies on methane conversion using supported metal catalysts have been 
reported. For example, Avdeeva et al.1 studied the effect of iron (Fe) and bimetallic 
compositions of Fe and copper (Cu) on methane decomposition. Methane conversion 
was however low (< 7% for a 50% Fe/Al2O3 at 625 oC). Ermakova et al. 2 also 
investigated the production of carbon from methane decomposition using Fe 
supported on SiO2, Al2O3, ZrO2, and TiO2. The reported carbon yield was however 
low (the highest being 45g/g Fe for Fe/SiO2). One other metal catalyst that has been 
widely investigated for the decomposition of methane is nickel. Matsumura et al.3 
studied the effect of supports such as silica; γ-alumina and zirconia on the activity of 
nickel for steam reforming of methane where it was observed that type of support 
had an influence on the activity of nickel. In their study, zirconia showed the highest 
activity followed by silica and then γ-alumina. However, this is not an appropriate 
method for solid carbon as the carbon is lost either as CO2 or CO as observed in 
section 3.1. The effect of a mixture of Ni and NiO on methane conversion was 
reported by Couttenye et al4.  In their study, nickel acetate dispersed on either silica 
or cordierite was thermally decomposed to produce a mixture of Ni and NiO and 
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these catalysts were tested for their ability to decompose methane to COx-free 
hydrogen. Results showed an average 14% methane conversion for a period of 6 hrs 
after which the conversion steadily declined.  Italiano et el5 also studied the 
decomposition of methane in a structured multilayer reactor at different temperatures 
(773-873K). The reactor employed a silica cloth impregnated with nickel as the 
metal catalyst and promotion was achieved by the addition of magnesium oxide. 
Methane conversion was low and the catalysts quickly deactivated at high 
temperatures.  
From the literature cited, it is observed that attempts to find a suitable catalyst and 
conditions that could convert methane to COx-free hydrogen required for hydrogen 
fuel cells have been made. However, most of these catalysts are either not active to 
efficiently decompose methane or they easily become deactivated at relatively higher 
temperatures. These low conversions and rapid deactivation prompted further 
investigations into conditions that could give higher methane conversion to COx-free 
hydrogen and solid carbon that could both be used in high efficiency fuel cells. 
In this study, results of an investigation into methane decomposition using different 
Ni/TiO2 at different loadings and temperature conditions are presented. TiO2 was 
chosen as support because of its availability and its stability at the operating 
temperatures. It is a support that is often used in catalysis studies. It is unlike other 
supports such as CaCO3 that was found to decompose at temperatures higher than 
600 oC. Although commercial TiO2 was used, TiO2 can be easily prepared in the 
laboratory and it can easily be separated from the carbon material. It should also be 
noted that some studies have been reported on the use of Ni in the CH4 
decomposition, but using other supports (Al2O3, SiO2). This study thus provides a 
possibility to compare the Ni/TiO2 with other supported metals. Also studied is the 
effect of binary supports on the activity of Ni in methane conversion.  
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4.2  Experimental Methods 
Chemicals and reagents used in this study were of high purity and were procured 
from suppliers in South Africa such as Sigma-Aldrich. Chemicals included nickel 
nitrate, calcium carbonate, aluminium carbonate, colloidal silica. Titania (Degussa 
P25) was procured from Japan. All gases were procured from Afrox.  
4.2.1  Synthesis of nickel supported catalyst  
Two of the methods by which a supported catalyst can be prepared are the 
deposition-precipitation method and the incipient wetness impregnation method.6-10 
The deposition method has the advantage of producing highly dispersed metal 
particles only where the metal particles have the tendency to sinter or agglomerate 
due to the presence of ions (e.g. chloride ions). When these problems are not 
experienced, the incipient wetness impregnation method is an easy and fast 
procedure for preparing supported metal catalysts with comparable activties.9,11 In 
this project, the incipient wetness impregnation method was used and a detailed 
example of the procedure is discussed below.   
A range of Ni/TiO2 catalysts with nickel loadings of between 7 and 20% were 
prepared by the incipient wetness impregnation method. In this procedure, a solution 
of known concentration of nickel precursor (Ni(NO3)2.6H2O) was prepared by 
dissolving a known amount of the nickel salt in approximately 15 ml distilled water 
(depending on the required loading). This solution was then poured slowly (with 
mixing) onto a known amount of titania. A 7% nickel loading, for example, was 
prepared by dissolving nickel nitrate hexahydrate (7.0 g) in 15 ml deionized water 
and this solution was then mixed with titania (18.6 g). The titania-metal precursor 
mixture was stirred for about 30 minutes at room temperature and where necessary, 
the excess water was evaporated by mild heating (approximately 50 oC) before 
drying overnight at 110 oC in a drying oven.  After drying, the catalyst was calcined 
in air at 500 oC for 4 h at a heating rate of 5 o C/min as illustrated in Figure 4.1.  
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In this study, the promotional effect of Cu on Ni/TiO2 for the direct decomposition of 
methane was investigated and results were compared with those obtained with 
Ni/TiO2 catalysts. The catalyst compositions chosen were 7% Ni-1%Cu and 7%Ni-
0.1%Cu for the copper containing samples. These catalysts were prepared by the 
incipient wetness impregnation of the support by Cu(NO3)2.3H2O (99.5%, Merck) 
followed by drying (at 110 oC) and calcining at 500 oC as performed for  the un-
promoted Ni/TiO2 catalysts.  
4.2.2 Determination of the nickel loading using inductively coupled   
plasma analysis  
Although known quantities of metal precursor were impregnated on the support, it 
was still important to verify the concentration of the nickel (as a percentage) in the 
catalyst after all the preparation procedures were accomplished. The technique used 
in this case was inductively coupled plasma-optical emission spectrometry (ICP-
OES). 
Inductively coupled plasma is a spectroscopic technique that is used to quantitatively 
determine a range of metals present in a sample.22 The Ni/TiO2 samples (0.10 g) 
were digested using a mixture of acids (H2SO4 and HNO3 in the ratio 3:1 
respectively or, sometimes, H2O2, depending on the nature of the sample) in order to 
release the metal into the solution. The digestion was performed using an Anton Parr 
Sample Preparation System (Microwave 3000) and analysis of the liquid solution 
was performed by an ICP-OSE Spectro Genesis, model Genesis FEE.    
In this technique, the liquid sample was introduced to the argon plasma at a 
temperature of about 8000 oC-10000 oC.23 On reaching the plasma temperature, the 
electrons within the metals become excited and light of a wavelength which is 
characteristic of that particular metal is emitted. This means metals can be identified 
and their light intensities used to quantify the metal in a particular sample. ICP 
analysis was performed by the Analytical Chemistry Group within the School of 
Chemistry.  
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4.2.3  Surface area characterization using BET 
Catalyst samples were degassed using N2
 
gas by a Micrometrics Degassing System at 
130 oC for about 12 h in order to remove moisture and any volatile adsorbents. This 
was followed by the surface area determination by nitrogen adsorption at -196 oC 
using a Micromeritics Tristar 3000 V6.05.  
4.2.4  Characterization of the catalyst using TPR  
Temperature programmed reduction (TPR) is an analytical technique widely used to 
obtain information about supported metal catalysts.24,25 It helps reveal information 
about the metal such as its reduction temperature. Besides reduction temperature, one 
can also obtain information about the oxidation state of metals present and possible 
interactions between metal species and the support.26  In this technique, a mixture of 
hydrogen and an inert gas is passed through the sample while the temperature is 
raised linearly. At a suitable temperature, reduction of the metal catalysts takes place 
and this is characterized by consumption of hydrogen which is recorded as a peak by 
the GC detector (thermal conductivity detector, TCD). A typical procedure used in 
this study for determination of reduction temperatures is described below.  
About 1.00 g of the catalyst was placed in a U-tube which was then lowered into a 
vertical furnace. The sample was first degassed using argon gas (99.999%) at flow a 
rate of 30 ml/min while the sample was being heated to 150 oC as shown in Figure 
4.3. 
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4.2.5  Hydrogen chemisorption and oxygen titration 
Hydrogen chemisorption can be defined as the chemical interaction between H2 and 
the substrate which is in this case the metal supported catalyst. This interaction leads 
to the formation of a chemical bond (chemisorption). This interaction is the basis of 
the technique (hydrogen chemisorption) which is widely used for the determination 
of metal dispersion on a support, metal crystallite size and the degree of metal 
reduction. The advantage of using hydrogen in the chemisorption analysis comes 
about because it is chemisorbed to the metallic particles while uptake by the         
non-metal substrate is very small and often negligible.27  
Hydrogen chemisorption was performed using a Micromeritics ASAP 2020c V1.07 
instrument. The previously calcined catalyst sample (~ 0.200 g) was put in a U-
shaped quartz tube. The sample was then evacuated under vacuum followed by 
degassing using He at 150 oC. The He was later evacuated at 100 oC. This step was 
followed by reduction using pure H2 at 600 oC (a temperature that was established 
from catalyst reduction using TPR) for four hours. After the initial reduction step, the 
catalyst was further reduced for one hour at 575 oC (25 oC below the normal 
reduction temperature). All the physisorbed H2 was evacuated using helium before 
measuring the adsorption isotherms at 100 oC.  
Oxygen titration was performed by first evacuating the reduced sample with He at 
100 oC for 30 min, then at 400 oC for 30 min followed by analysis at 400 oC. The 
parameters for using procedure are also presented in Table 4.1.  
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Table 4.1: Analysis conditions for the H2 chemisorption and O2 titration process 
Condition Ramp rate (oC/min) Temperature (oC) Time (min) 
H2 Analysis    
Evacuation  He 5 150 30 
Evacuation 10 100 10 
Flow H2 2 600 240 
Flow H2 2 575 60 
Evacuate 2 400 240 
Evacuate ---- 35 10 
Analyze H2 1 100 ---- 
O2 titration    
Evacuate He 10 100 30 
Evacuate 10 400 30 
Analyze O2 10 400 --- 
 
The percent dispersion was determined using the following relationship (Equation 
4.1): 28,29 This equation was used on the assumption that unreacted nickel is present 
in a separate dispersed phase in intimate contact with the support.  
%D =1.17x ⁄ (wf)                                             (4.1) 
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where x = is the hydrogen uptake in µmol/g catalyst, w = weight percent of the nickel 
catalyst and f = fraction of nickel reduced to metal. The crystallite size (ds) was 
determined using the following formula (Equation 4.2):28,29 This is based on the 
assumption that the metal crystallites are equal with the same diameters. 
ds (nm) = 971 ⁄ D%                                            (4.2) 
where D% = percent dispersion.  
4.2.6 Characterization of the catalysts using powder X-ray diffraction (PXRD) 
Powder X-ray diffraction (PXRD) is a technique used to obtain information about 
the composition and the crystallographic nature of materials.30 This technique can 
also be used to determine the crystallite size of the metal particles or support material 
in a catalyst sample.31 In catalysis for example, the PXRD technique can be used to 
determine with some accuracy, the phase composition of a catalyst. It is based on the 
principle that when X-rays interact with a material containing a crystalline phase, a 
diffraction pattern which is characteristic of that particular crystal structure is formed 
and the same pattern is reproduced even in the presence of a mixture of materials. It 
is for this reason that X-ray diffraction is classified as a “finger printing technique 
for materials”. PXRD can also be used to determine the particle size of metal 
catalysts.  
Powder X-ray diffraction analysis of the Ni/TiO2 was performed in the School of 
Chemistry (Crystallography unit). PXRD data were collected using a Bruker AXS 
D8 equipped with a VÅntec-1 detector and using Cu-Kα radiation (40 kV, 40 mA). 
Data were collected in the 2θ range 5° to 90°.  In situ reduction studies (to study the 
phase changes during reduction) were performed using a Bruker D8 instrument with 
an Anton Parr XRK900 attachment that uses a copper (Cu) radiation source and a 
Vantec detector. The reduction was performed under 4 bar pressure of a 5% 
H2, balance N2 gas mixture.  
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4.3  Results and Discussion  
4.3.1  Introduction 
The results obtained from the methane conversion using nickel based catalysts are 
presented in this Chapter. The data is preceded by a discussion of results obtained 
from different catalyst characterization techniques that were employed in this study. 
The studies were carried out in order to establish properties and where possible 
correlate these to the effectiveness of the catalysts in decomposing methane. Results 
will be presented according to the following sub headings: 
 Effect of nickel loading on methane conversion 
 Effect of calcination temperature on nickel activity with regard to methane 
conversion 
 Effect of support on nickel activity with regard  to methane conversion, and 
 Effect of mixed supports on the activity of nickel with regard to methane 
conversion 
4.3.2  Effect of loading on methane conversion 
The effect of nickel on methane conversion was studied by performing methane 
decomposition experiments using 7% Ni/TiO2, 10% Ni/TiO2 and 20% Ni/TiO2 
catalysts. Results for catalyst characterization and those of methane conversion are 
presented in the sections below. The physical appearance showed that the catalyst 
changed colour from grey to dark grey as the metal loading was increased from 7% 
to 20% Ni (Figure 4.6). 
                                                                     81 | P a g e  
 
           
                                           
Figure 4.6: (a) 0% Ni/TiO2, (b) 7% Ni/TiO2, (c) 10% Ni/TiO2 and (d) 20% Ni/TiO2                       
In order to ascertain the loading levels, catalyst samples were analyzed for nickel 
concentrations using ICP-OES (see method section, Table 4.3). 
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Table 4.3: Nickel concentrations of catalysts at different loading levels calculated 
from three samples 
Sample Nickel content (%) 
TiO2 ND 
7% Ni/TiO2 9.3 ± 2.7 
10% Ni/TiO2 11.1 ± 1.0 
20% Ni/TiO2 25.3 ± 0.8 
ND = represents not detected. This was expected because it was a TiO2 before nickel 
loading. It is also an indication that the titania used was not contaminated with 
nickel. 
4.3.3  Surface area determination of nickel supported catalysts  
The BET surface area of different Ni/TiO2 loading calcined at 500 oC are presented 
in Table 4.4. Included in this table is the surface area of an unloaded support (i.e. % 
Ni/TiO2) which was used as a control. 
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Table 4.4: BET surface area of titanium oxide containing different nickel loadings 
Sample Surface Area (m2/g) Pore Volume (cm3/g) 
TiO2 (zero Ni) 46.5 0.415 
7% Ni/TiO2 46.1 0.358 
10% Ni/TiO2 44.3 0.342 
20% Ni/TiO2 40.2 0.267 
 
Results of the analysis show that surface area of the support alone (0% Ni/TiO2) was              
46.5 m2/g and that the surface areas of the loaded catalysts decreased with increase in 
metal loading from 46.1 m2/g to 40.2 m2/g representing a change of about 13%.  The 
pore volume also followed a downward trend, reducing by almost half at the 
maximum loading of 20%. These results closely agree with the findings by Burch 
and Flambard32 who reported a surface area of 44.9 m2g-1 for a 10% Ni/TiO2 
catalyst. This implies that the pores were blocked by the nickel salt. 
4.3.4 Temperature programmed reduction of nickel supported catalysts 
Temperature profiles showing hydrogen consumption are shown in Figure 4.7. 
These give information on the catalyst reducibility.33-35  
                                                                     84 | P a g e  
 
300 400 500 600 700 800 900
50
6
TiO2
10% Ni/TiO2
7% Ni/TiO2
Temperature (oC)
 
Figure 4.7: Temperature programmed reduction of TiO2, 7%Ni/TiO2 and 
10%Ni/TiO2 
The peak tailing observed between 350 and 450 oC could be as result of resistance of 
Ni2+ to reduction due to the metal support interaction.36 The baseline shift observed 
for the 7% Ni/TiO2 could have been caused by issues of hydrogen flow rate during 
analysis. 
Table 4.5: Peak areas of TPR data in Figure 4.7 
Catalyst Peak area Peak Position (oC) 
0% Ni/TiO2 N/A N/A 
7% Ni/TiO2 13085 506 
10% Ni/TiO2 596 507 
N/A = no peak observed 
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The TPR studies (Figure 4.7) showed that the nickel oxide at both loading levels 
reduced to Ni0 at almost the same temperature (506 oC). The profile also 
demonstrates that there was only a one phase transition due to the presence of only 
one reduction peak (i.e. Ni2+     Ni0). The peak areas in Table 4.7 however do not 
show consistency in hydrogen consumption with metal loading. The 10% Ni loading 
was expected to exhibit a high hydrogen consumption compared to the 7% loading. 
This suggests that there was probably a sintering of the catalyst of the 10% Ni/TiO2 
or development of a strong metal support interaction which then lowered hydrogen 
uptake as was observed by de Bokx et al.37  
4.3.5 Determination of degree of reduction by hydrogen chemisorption 
and oxygen titration 
Results showing the degree of catalyst reduction are presented in Table 4.6. Also 
shown in the table is the change in percent metal dispersion and particle size with 
changes in calcination temperature.  
Table 4.6: Percent reduction and metal dispersion at different metal loadings and 
calcination temperatures 
Sample 
Calcination 
temperature (oC) 
% Catalyst 
reduction 
% dispersion [D 
(%)] 
Ni Particle  
size (nm) 
7% Ni/TiO2 500 77.4 30.4 31 
7% Ni/TiO2 700 75.7 22.5 43 
7% Ni/TiO2 900 67.9 3.5 276 
10% Ni/TiO2 500 86.1 31.9 30 
20% Ni/TiO2 500 64.7 15.3 63 
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It is observed in Table 4.6 that the 7 and 10 % Ni loading gave 77 and 86 % 
reduction respectively. These values are close to those of Mustard and 
Bartholomew28 who reported a 90% reduction for a 15% Ni/TiO2 loading. Smith et 
al.38 also reported an 86 and 89% reductions for a 1.4 and 7.0% Ni/TiO2 loadings 
respectively. It can therefore be concluded that the catalyst was reduced when 
subjected to an in-situ reduction before methane decomposition. It is also observed 
that increasing the calcination temperature resulted in a decrease in metal dispersion 
while the metal particle size increased with calcination temperature. The increase in 
Ni particle size agrees with reports by Qui et al.39 who studied the effect of 
calcination temperatures on the partial oxidation of methane to syngas. Sehested et 
al.40  also observed a similar trend when they studied the partial oxidation of 
methane to syngas. It is not possible to observe particle growth with increase in 
temperature using TEM because of the difficulty in distinguishing the metal particles 
from the support. The Ni/TiO2 crystallites were however seen to increase in size with 
increase in calcination temperature from 500 to 900 oC (Figures 4. 8a, 4.8b and 
4.8c). This was due to the conversion of anatase to rutile which occurs at 
temperatures above 600 oC. 
    
 A B 
100 nm 
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Figure 4.8: TEM images of a 7% Ni/TiO2 catalysts calcined at a) 500 oC, b) 700 oC 
and c) 900 oC  
The poor reduction coupled by the larger particle size observed with increase in 
calcination temperature could have contributed to the poor methane conversion 
observed with catalyst samples that were calcined at temperatures > 500 oC.  
 
4.3.6 Characterization of the nickel supported catalysts by an in-situ x-
ray diffraction analysis  
Results for the reduction of Ni/TiO2 were further confirmed by performing an in-situ 
XRD reduction using hydrogen gas (Figure 4.9).  It was observed that the NiO peak 
decreased and eventually disappeared as the temperature was increased from 98 oC 
to 540 oC (Figures 4.9). Disappearance of the NiO peak was followed by the 
appearance of the Ni peak. This clearly demonstrated that most if not all the NiO was 
converted to Ni as the temperature was increased to > 540 oC.   
C 
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Figure 4.9: An XRD plot showing the reduction of NiO to Ni with increasing 
temperature 
4.3.7 Characterization of nickel supported catalysts by transmission 
electron microscopy  
Examination of the catalysts using TEM (Figure 4.10b) showed that the support was 
well dispersed. Comparison of the unloaded (Figure 4.10a) and the loaded catalysts 
with 7% Ni (Figure 4.10b) showed that inclusion of metal did not change the 
morphology of the support. It was however not possible to observe the metal 
particles from the bulk of the support.  
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Figure 4.10: a) Unloaded TiO2 calcined at 500 oC and b) 7% Ni/TiO2 calcined at 
500 oC 
4.3.8 Characterization of nickel supported catalysts using thermal 
gravimetric analysis  
A sample of 7% Ni/TiO2 fresh catalyst calcined at 500 oC for 4 h (i.e. before 
reaction) was characterized for its thermal stability using TGA. For comparison sake, 
a sample of spent catalyst (after methane decomposition at 500 oC) was also 
analyzed and results are presented in Figure 4.11.   
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Figure 4.11: Thermal properties of fresh and used 7% Ni/TiO2 catalyst under oxygen 
It is observed in Figure 4.11 that the fresh catalyst as expected did not show a mass 
loss up to temperatures as high as 900 oC. One can also deduce that the catalyst did 
not decompose with increase in temperature to 900 oC.  A phase change from anatase 
to rutile does occur in the temperature range (Figure 4.32). This change results in a 
physical change to the TiO2 in terms of its particle size as observed by TEM for 
catalysts calcined at 500 oC and 700 oC (Figures 4.8).  
The mass loss for the spent catalyst (at ~594 oC) as shown in Figure 4.12 is due 
carbon loss. This carbon was deposited on the catalyst in methane decomposition 
reaction. The 12% sample residue was due to the catalyst and the support. The Ni 
and the TiO2 can be removed from the carbon by using HNO3 and HF respectively. 
The HNO3 dissolves the metal while the HF removes the TiO2 by forming TiF4 and 
H2O which can then be removed from the carbon by filtration. However, the 
procedure does not remove all Ni particles as some of the metal particles are 
encapsulated in the carbon nanotubes. As such, there will still be some impurities left 
in the carbon. Purification of the carbon was however not performed in these studies. 
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Further tests to determine the effect of nickel loading on methane conversion at 600 
oC (the optimum temperature for these catalysts) was investigated. The metal 
loadings used were 7, 10 and 20% Ni/TiO2 (Figure 4.15) 
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Figure 4.15: Methane conversion at different nickel loading levels 
It is observed in Figure 4.15 that there was an increase in methane conversion with 
increase in nickel loading. For example, a 20% Ni/TiO2 demonstrated a high activity 
compared to the 7% Ni/TiO2. However, the mass of carbon obtained was not directly 
proportional to the metal loading as can be observed in Table 4.7. An increase of 
only 16% in carbon deposition was obtained when the metal loading was increased 
from 7% to 20%.  
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Table 4.7: Mass of carbon at different nickel loading levels obtained after 15 hrs 
Metal loading 
Mass of 
catalyst (g) 
Mass of catalyst   
and carbon (g) 
Mass of 
carbon (g) 
gc/gNi (total) 
7% Ni/TiO2 1.002 9.267 8.265 117 
10% Ni/TiO2 1.011 10.161 9.150 89 
20% Ni/TiO2 1.010 10.556 9.556 46 
 
The ratio of mass of carbon formed to the amount of catalyst used is displayed in 
Table 4.7. Also included in the table is the mass of carbon relative to the mass of Ni 
in the catalysts. When considering the mass of carbon per gram of nickel, it can be 
observed that 7% Ni/TiO2 produced the highest amount of carbon (117 gc/gNi (total)). It 
can be deduced from these results that increasing the nickel loading from 7% to 20% 
did not increase the amount of carbon and for this reason, a 7% Ni/TiO2 was used in 
further studies on methane decomposition.  
4.3.10 Characterization of the carbon using transmission electron 
microscopy  
Observation of the carbon samples using transmission electron microscope (TEM) 
showed that carbon nanotubes were produced during the methane decomposition 
reactions using Ni/TiO2 and a further observation showed that the carbon nanotubes 
diameters increased with metal loading. The internal diameters however did not 
change with increase in metal loading. A summary of the carbon nanotube diameters 
with nickel loading is presented in Table 4.8.  
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Table 4.8: Average diameters of carbon nanotubes produced from different Ni 
loading at 600 oC 
Nickel 
loading (%) 
Decomposition 
temperature (oC) 
Average 
Diameter (nm) 
Average internal 
diameter (nm) 
7 600 44 ± 13 8.2 ± 2.2 
10 600 54 ± 19 8.7 ± 2.9 
20 600 73 ± 29 8.5 ± 2.9 
 
Images of the carbon nanotubes are depicted in Figure 4.16.  
 
Figure 4.16 TEM micrograph of carbon nanotubes produced at 600 oC using 7% 
Ni/TiO2 catalyst 
One other important feature observed in all the images for the Ni/TiO2 catalyzed 
decomposition is the presence of the metal particles at the tips of the nanotubes 
(Figure 4.17). Also observed are the open tubes which suggest that the tubes were 
undergoing breakage in the sonicator during sample preparation. 
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Figure 4.19: An EDX spectra of metal particle at the tip of the carbon nanotubes 
prepared from a 7% Ni/TiO2 catalyst 
Results of the EDX analysis (Figure 4.19) clearly indicated that the particle at the tip 
of the carbon nanotube was nickel.  This suggests that there was a weak metal-
support interaction (MSI) between the nickel particles and the titanium dioxide 
resulting in what is called the “tip growth mechanism”.41-43 The presence of the 
nickel particles at the tips of the carbon nanotubes for the Ni/TiO2 catalyzed 
reactions contributes to the high and stable methane conversion as Ni continually 
interacted with incoming methane molecules. For other nickel supported systems 
such as Ni/CaCO3 where metal particles were not observed on the tips, the 
performance of these catalysts with regard to methane decomposition was low. The 
presence of the nickel particles at the tips also prevents the catalyst from “fouling” a 
condition where the deposited carbon masks the catalytic sites thereby diminishing 
its activity.44,45 Such cases are observed in some instance when there is an initial high 
reactant conversion that quickly diminishes, a clear sign that the catalyst has lost its 
activity. Of course, lower methane conversions may not only be determined by 
catalyst fouling. This could also be due to a combination of other factors such as 
particle agglomeration because of high temperatures.46 Particle agglomeration 
reduces the surface area and hence reduces the substrate/catalyst interaction.47  
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4.3.11 Characterization of the carbon using Raman spectroscopy  
The interpretation of Raman spectra of carbons revolves around two bands, the 
disordered band sometimes called the defect peak (D) and the graphitic band (G). 
The D-band arises due to the presence of amorphous or non-crystalline carbon in the 
material.
48
 The G-band corresponds to the splitting of the E
2g 
stretching mode of 
graphite, which arises due to the tangential vibrations of the carbon atoms.
49 
 The 
intensity ratio of these bands (iD/iG)) or the ratio of their areas (aD/aG) provides 
information on the “graphicity” or lack of defects on the carbon sample. For example 
a ratio close to zero implies that the carbon is highly graphitic i.e. has less impurities 
or defects while a ratio closer or greater than 1 means that the carbon has many 
defects or impurities. Raman analysis of the as synthesized carbon nanotubes from 
the catalytic conversion of methane using 7% Ni/TiO2 was performed (Figure 4.20).  
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Figure 4.20: Raman spectrum of as synthesized carbon nanotubes prepared from 
methane decomposition using 7% Ni/TiO2 
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A summary of the results at 10 and 20% Ni loading are presented in Table 4.9. 
  
Table 4.9: Summary of Raman data obtained from carbon at different nickel loading 
Catalyst loading     
(wt %) 
Methane decomposition 
temperature (oC) 
aD/aG 
7% Ni/TiO2 600 0.98 
10% Ni/TiO2 600 0.93 
20% Ni/TiO2 600 0.69 
 
It is observed in Table 4.9 that the ratio of aD/aG decreased with increase in metal 
loading.  This is a demonstration that the graphicity of the nanotubes increased with 
metal loading.  
A comparison of the thermal reactivity of the as synthesized carbon (derivatives of 
thermographs from a 7, 10 and 20% Ni/TiO2) from different metal loadings is shown 
in Figure 4.21. 
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Figure 4.21: Derivative TGA thermographs showing effect of Ni loading on 
oxidation temperatures of as synthesized carbon samples  
It is observed in Figure 4.21 that there was a slight increase in oxidation temperature 
(ca 36 oC) from a 7% Ni loading to 20% loading. These results correlated with 
Raman data (Table 4.9) where an increase in crystallinity was observed with 
increase in Ni loading as the carbon oxidizes at a much higher temperature. It was 
also observed that the breadth of the peaks increased with increase in metal loading 
suggesting there was a mixture of carbons that oxidized at a wide range of 
temperature or that the carbon was resistant to oxidation because of their increase in 
graphicity.  
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4.3.12 Effect of increasing reaction temperature on the methane 
decomposition over a 7% Ni/TiO2  
The performance of catalysts is often temperature dependent owing to changes in the 
physical and chemical properties of the catalyst.  It was deemed necessary to study 
the effect of increasing temperature on the activity of a 7% Ni/TiO2 catalyst with 
regard to methane conversion. Methane decomposition was therefore performed at a 
range of temperatures, from 500 oC to 700 oC at a constant flow rate of 60 ml/min 
(Figure 4.23). 
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Figure 4.22: Effect of increasing temperature on methane decomposition using a 7% 
Ni/TiO2 catalyst 
Comparison of the methane conversion at different temperatures (Figure 4.22) 
showed that methane conversion initially increased with increase in temperature. 
Thus, conversion increased from about 25% at 500 oC to about 75% at 700 oC. 
However, the catalyst activity quickly diminished to low conversions at high 
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methane conversion observed at 600 oC. It was however noticed that nickel particles 
were encapsulated in the nanotubes when methane conversion was performed at 700 
and 900 oC. This may have prevented nickel from further reacting with methane, 
hence a rapid decline in methane conversion at 700 oC and above. Another 
observation is the change Ni particle at 700 oC and above. The Ni change to a rod 
like shape at 700 oC and above and it is further observed that the Ni particle was 
extruding and breaking into pieces at 900 oC. This change of shape of the Ni particle 
at high temperatures may have contributed to the low methane conversion as only Ni 
particles of specific shape (containing 111 and 110 facets) are more reactive.50 
The second cause for the low conversion at high temperature (> 600 oC) was due to 
the catalyst support transformation from anatase to rutile as was observed in Ni/TiO2 
samples that were calcined at high temperature (> 600 oC, Figure 4.31 and 4.32). 
This was also confirmed by the reduction in BET surface area (Table 4.8) of the 
catalysts calcined at high temperature and the increase in crystallite sizes with 
increase in temperature (Figure 4.33b).  
    
Figure 4.24: TEM images of catalysts calcined at a) 500 oC and b) 700 oC  
The Ni sizes could not be measured using the normal XRD pattern because of the 
overlap of the anatase and NiO peaks at temperatures below 500 oC (Figure 4.25a) 
 A B 
100 nm 
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and also because the Ni existed as NiTiO3 at temperatures above 600 oC (Figure 
4.25b and 25c).  
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Figure 4.25a: An XRD pattern of a 7% Ni/TiO2 calcined at 500 oC showing NiO 
peak  
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Figure 4.25b: An XRD pattern showing peaks of NiTiO3, anatase and rutile for 
catalyst calcined at 600 oC 
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Figure 4.25c: An XRD pattern showing peaks of NiTiO3 and rutile for catalyst 
calcined at 900 oC 
In order to estimate the nickel crystallite size, an in-situ X-ray reduction using 
hydrogen from 98 oC to 540 oC (Figures 4.9) was conducted. The Ni crystallite size 
was determined from an XRD pattern at 540 oC (Figure 4.26) where a complete 
reduction of NiO to Ni was observed. The Ni crystallite size was calculated using 
PJF XRD analyzer and was found to be 20.4 nm.  
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Figure 4.26: An XRD pattern of a 7% Ni/TiO2 reduced in-situ with hydrogen at 540 
oC showing nickel peak  
This result agrees with those reported by Smith et al.38 (Table 4.10) who performed 
particle size determination from XRD analysis of 7 and 12.3% Ni/TiO2 that was 
reduced with hydrogen. 
Table 4.10: Ni particle sizes determined from XRD analysis38 
 
Methane conversion was however stable at 500 oC and 600 oC but a higher 
conversion was observed at 600 oC. From these results, it may be suggested that 600 
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oC is the best temperature for the methane conversion. These results are in agreement 
with observation made by Italiano et al.5 (Figure 4.27) who used nickel impregnated 
on silica cloth (Ni/SiO2) to produce COx-free hydrogen. They found that methane 
conversion was stable (~30 %) at 500 oC but decreased as the temperature was 
increased to 600 oC (Figure 4.27). 
 
Figure 4.27: Catalytic decomposition of natural gas on N3-TLC at different 
temperatures5 
However, the Ni/TiO2 results were superior to those of Ni/SiO2 reported by Italiano 
because the Ni/TiO2 produced a larger amount of carbon (117 gc/gNi (total)) for a 7% 
Ni loading at 600 oC compared to the results obtained by Italiano et al. (Table4.11). 
 
                                                                     108 | P a g e  
 
Table 4.11: Catalytic decomposition of natural gas: activity data of Ni-TLC samples 
at different TR (773–873 K) and GHSV (1900–9500 h-1)5 
 
Further comparison of the Ni/TiO2 data with studies on magnesium modified 
Ni/SiO2 on methane conversion (Ndlovu P., Masters dissertation)51 has demonstrated 
that the Ni/TiO2 produced more carbon per gram catalyst compared to those obtained 
from the magnesium modified Ni/SiO2 studies (Figure 4.28). 
 
Figure 4.28: Carbon yield on N-SiO2, 1M9N-SiO2, 1M4N-SiO2, 1M2N-SiO2, 
1M1N-SiO2 and 2M1NSiO2 catalysts at 600 oC after 72 h51 
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It is also observed in the studies reported by Takenaka et al.52 (Figure 4.29) who 
studied the effect of Ni-Pd on methane decomposition for the production of 
hydrogen and carbon nanofibers that methane conversion was low and a rapid 
deactivation was observed. 
 
   
Figure 4.29: Kinetic curves of methane conversion as a function of time on stream. 
Decomposition of methane over Ni/SiO2 with and without metal additives and over 
Pd/SiO2 at 550 oC. Flow rate = 40 ml/min, P(CH4) = 101 kPa, catalyst = 0.04 g52 
 
Results of my study further demonstrate that Ni/TiO2 is superior catalyst for methane 
conversion compared to most of the known catalysts.  
The mass loss observed for the used catalyst (Figures 4.30a and 4.30b) showed that 
the carbon decomposition temperature increased as the methane decomposition 
temperature was increased. This is indicative of an increase in crystallinity as was 
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also reported by other authors.53 The carbon is acceptable for use in DCFC when 
considering their oxidation temperature because DCFCs can be operated at 
temperatures between 550 to 900 oC.54-56      
For example, the decomposition temperature (Figure 4.30b) increased from 550, 576 
and 594 oC for reaction temperatures of 500, 650 and 700 oC respectively. The 
residual masses (27, 23 and 28% for a 500, 650 and 700 oC respectively) were 
impurities in the sample arising from the Ni and the support. These percentages 
agree very well when taking into account the mass of catalyst and that of the catalyst 
and carbon after reaction. For example, the amount of catalyst used for at 500 oC was 
1.0199 g and the combined weight of catalyst plus sample was 3.7296 g. The ratio of 
the catalyst to that of catalyst plus carbon translates to 27.3% which is exactly the 
residual mass percent obtained from the TGA (Figure 4.30a). TGA is therefore a 
powerful tool when it comes to measuring purity of carbon samples and the high the 
carbon deposition, the less the impurities as was observed with the TGA profile for 
methane conversion carried out at 600 oC (Figure 4.13). Another notable observation 
is the broadening of the derivative bands with decrease in synthesis temperature. The 
band broadening is an indication that there were different forms of carbon in the 
sample and this increased with decrease in synthesis temperature.  
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Figure 4.30a: TGA thermal graphs of used 7% Ni/TiO2 containing carbon from 
methane decomposition at different temperatures 
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Figure 4.30b: Derivatives of TGA thermal graphs in Figure 4.30a for the 7% 
Ni/TiO2 containing carbon from methane decomposition at different temperatures 
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4.3.13 Effect of calcination temperature on the performance of nickel 
supported catalysts 
The effect of increased calcination temperatures on the performance of nickel 
supported catalysts (7% Ni/TiO2) was investigated. This was based on a report by 
Osawa et al.57 who observed a high hydrogen-deuterium exchange on a nickel 
surface prepared by high temperature calcination of the nickel precursor to nickel 
oxide. The catalyst (7% Ni/TiO2) was prepared as described in the method section, 
the only difference being that it was calcined at 700 oC and 900 oC instead of the 
usual 500 oC in order to compare the catalytic efficiency with increasing calcination 
temperature. 
Characterization of both catalysts using TEM (Figure 4.31b) showed that the 
support crystallite sizes increased with increase in calcination temperature from 500 
oC to 900 oC (Figure 4.31a).  
   
Figure 4.31:  a) 7% Ni/TiO2 calcined at 500 oC and b) 7% Ni/TiO2 calcined at 900 
oC  
This increase in crystallite size is as a result of the conversion from anatase to rutile 
(Figure 4.32) which was observed to decrease with increase in calcination 
temperature. 
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Figure 4.33b: Change in crystallite size (Angstrom) vs. temperature (oC)58 
This data is also consistent with the findings of Hu et al.59  (Figure 4.34) who 
observed an increase in crystallite size with increase in temperature.  
 
Figure 4.34: SEM photographs showing typical morphology of TiO2 powders after 
different heat-treatments a) 450 oC; b) 600 oC; c) 750 oC; d) 900 oC59  
 
A surface area analysis of these catalysts was performed in order to check if there 
was any change in surface area with change in calcination temperature from 500 oC 
to 900 oC and results are presented in Table 4.12.  
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Table 4.12: BET surface area for a 7% Ni/TiO2 calcined at 500, 700 and 900 oC 
It is further observed in Table 4.12 that there was a big reduction in surface area 
from 46.1 m2/g for the catalyst calcined at 500 oC to 1.7 m2/g for the catalyst 
calcined at 900 oC which is attributed to the increasing size of the crystallites as the 
transformation from anatase to rutile takes place (Figures 4.31a and 4.31b).  
These catalysts were compared for their ability to decompose methane.  
Decomposition was carried out at 600 oC and all other parameters such as catalyst 
reduction, flow rates and effluent gas analysis were as described in the methods 
section (Section 4.1.12 and Table 4.2). Results of the study are depicted in Figure 
4.35.   
Sample Surface area (m2/g) Pore volume (cm3/g) 
7% Ni/TiO2 calcined at 
500oC 
46.1 0.358 
7% Ni/TiO2 calcined at 
700oC 
12.7 0.156 
7% Ni/TiO2 calcined at 
900oC 
1.7 0.008 
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Figure 4.35: Methane conversion at different catalyst calcination temperatures 
Results in Figure 4.35 show that both catalysts (i.e. catalyst calcined at 500 oC and 
900 oC) had an initial conversion of about 60% during the first 50 min. However, 
activity for the catalyst calcined at 900 oC steadily diminished after about an hour. 
The steady decline in activity for the catalyst calcined at 900 oC was probably caused 
by the change in physical properties of the catalyst including surface area due to 
transformation from anatase to rutile.  
These results have demonstrated that calcining Ni/TiO2 at high temperature was not 
ideal for methane conversion as it resulted in a methane conversion decline due to 
the changes in support morphology at those high temperatures.  
4.3.14  Effect of mass of catalyst on overall methane conversion  
An observation made when 1.000 g of catalyst was used at 600 oC was that carbon 
was deposited rapidly in the boat which eventually blocked the whole of the reactor 
at 600 oC. In an attempt to reduce this problem, the mass of the catalyst was reduced 
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(0.500 g or 0.200 g). It was however necessary to ascertain whether the reduced 
masses would exhibit a catalytic effect similar to that observed for the higher masses 
(Figure 4.36).  
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Figure 4.36: Methane conversion at 600 oC using 0.200 g, 0.500 g and 1.000 g of 
7% Ni/TiO2 calcined at 500 oC for 4 h  
It is observed in Figure 4.36 that the reduction in catalyst mass from 1.0 g to 0.2 g 
did not significantly affect methane conversion although the conversion for a 0.2 g 
appeared to be a bit low possibly due a masking of the catalyst particles by the 
carbon.  
4.3.15  Effect of support on the activity of nickel catalysts  
The results above have demonstrated that Ni/TiO2 catalyst is an effective catalyst for 
methane decomposition when the decomposition is carried out at an optimum 
temperature (600 oC) for 1 h. Besides titania, several other supports such as alumina 
(Al2O3) and calcium carbonate (CaCO3) are commonly used with iron (Fe) or cobalt 
                                                                     118 | P a g e  
 
(Co) are used for carbon nanotube synthesis.1,60 It was therefore deemed interesting 
to also investigate the performance of nickel on the methane conversion using these 
other supports. The catalysts (with 7% Ni loading) were prepared by an incipient 
wetness impregnation method and then dried and calcined, similarly to the Ni/TiO2 
catalysts. The TPR profiles (Figure 4.37) showed that the catalysts would be 
reduced at 453 oC and 338 oC for the 7% Ni/Al2O3 and 7% Ni/CaO3 respectively, 
compared to the 540 oC for the 7% Ni/TiO2 (Figure 4.7). This suggests that there 
was a weaker metal-support interaction for the Ni/Al2O3 and Ni/CaO3 compared to 
the Ni/TiO2 as has also been suggested by Maubert et al.61 and Hayashi et al.62 The 
peak observed at 765 was due to decomposition of CaO3. 
 
100 200 300 400 500 600 700 800 900
0.00
0.04
0.08
0.12
0.16
33
8 45
3
76
5
7% Ni/CaCO3
7% Ni/Al2O3
TC
D 
si
gn
al
 
(a.
u
)
Temperature (oC)
  
Figure 4.37: TPR profile of a 7% Ni/Al2O3 and 7% Ni/CaCO3 calcined at 500 oC for 
4 h 
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Table 4.13: Comparison of surface areas of Ni/TiO2 catalyst to Ni/CaCO3 and 
Ni/Al2O3 catalysts 
 
Observation of the surface areas in Table 4.13 showed that Ni/CaCO3 and Ni/Al2O3 
had far lower surface areas compared to their Ni/TiO2 counterpart, all prepared in the 
same way. This was probably contributed by their differences in morphology as can 
be observed in the TEM images (Figures 4.38 and 4.39) 
TEM images of the catalysts are presented in the Figures 4.38 and 4.39.  
     
Figure 4. 38: a) TEM images of  unloaded alumina and b) 7% Ni/Al2O3 catalyst 
calcined at 500 oC for 4 h  
Sample Surface area (m2/g) Pore volume (cm3/g) 
7% Ni/TiO2 calcined at 500 oC 46.1 0.358 
7%  Ni/CaCO3  calcined at 500 oC 0.8 0.003 
7%  Ni/Al2O3 calcined at 500 oC 1.4 0.007 
A B 
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Figure 4.39:   a)TEM images of unloaded CaCO3 and b) 7% Ni/CaCO3 catalyst 
calcined at 500 oC for 4 h 
The performance of these catalysts for methane decomposition is discussed in the 
following section. 
4.3.16 Methane decomposition using nickel supported on CaCO3 and 
Al2O3 
The performance of 7% Ni/CaCO3 and 7% Ni/Al2O3 for methane decomposition was 
investigated in order to check the effect of these supports on the activity of the nickel 
catalyst. For comparison, analysis conditions such as reduction temperature, 
decomposition temperature and methane flow rates were similar to those used for the 
7% Ni/TiO2. Results are presented in Figure 4.40.   
A B 
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Figure 4.40: Comparison of methane conversion using different supports 
From Figure 4.40, the Ni/TiO2 can be seen to be more effective in methane 
conversion compared to Ni/CaCO3 and Ni/Al2O3 at the same nickel loading. There 
was however a similarity in methane conversion for the CaCO3 and Al2O3. These 
low conversions could be attributed to the large crystallite size as observed in 
Figures 4.38 and 4.39 and also probably due to metal-support interaction.  
Comparison of gc/gNi (total) for the alumina and CaCO3 (Table 4.14) to that of TiO2 
show that the Ni/TiO2 produced more carbon per gram of catalyst (117 gc/cNi (total)) at 
600 oC at similar temperature and flow rate compared to 17.9 gc/cNi (total) for the 
Ni/Al2O3. 
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4.3.17  Effect of binary supports on the activity of nickel catalysts  
It has been observed in the preceding studies (Figure 4.39) that the type of support 
has an effect on the performance or activity of nickel in methane decomposition, 
probably due to differences in the way the active metal interacts with the support as 
observed in their TPR profiles. For example, titania (TiO2) was superior to the other 
tested supports such as alumina (Al2O3) and calcium carbonate (CaCO3).  
It has been postulated in other reports (Fierro, et al.63 and Doolin et al.64) that a 
mixture of supports could complement or improve the properties of individual 
supports thereby enhancing the activity of metal supported catalysts. For example, a 
weakly acidic C-H bond may require a strongly basic medium in order to 
deprotonate the hydrogen from the carbon.63,64 It was therefore suggested that a 
mixture of some commonly used supports in methane decomposition could perhaps 
enhance the activity of nickel thereby increasing methane conversion. In this study, 
the effect of binary supports (TiO2/Al2O3 and TiO2/SiO2) on the activity of nickel for 
methane conversion was investigated. The catalyst was prepared by incipient 
wetness impregnation of the mixed supports. The support compositions were as 
given in Table 4.15. 
Table 4.15: Composition of mixed supports 
Type of support Ratio of composition by mass 
TiO2/Al2O3 1:1 
TiO2/SiO2 1:1 
A uniform nickel loading of 7% was used in all these catalysts so that the results 
could be compared to those of individual supports such as titania, calcium carbonate 
and alumina alone. 
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Figure 4.43a: X-ray mapping of a 7% Ni/(TiO2 +Al2O3) catalyst where the purple 
dots represent the Ni. 
 
 
Figure 4.43b: SEM-EDX spectra showing elements including Ni in the  7% 
Ni/(TiO2 +Al2O3) catalyst 
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 4.3.18  Characterization of the catalyst using TPR 
Temperature programmed reduction of the catalysts was performed in order to 
ascertain if the nickel could be reduced at a temperature different to that of TiO2 on 
the individual support. The TPR profiles are shown in Figure 4.44 while the peak 
areas are shown in Table 4.16. 
Figure 4.44: TPR of nickel catalyst on binary support systems 
Table 4.16: Peak areas of the TPR data in Figure 4.44  
Catalyst 
Area under curve                               
(H2 consumption) 
7% Ni/(TiO2 +SiO2) 4.28 
7% Ni/(TiO2 +Al2O3) 3.51 
TiO2 N/A 
SiO2 N/A 
Al2O3 N/A 
N/A = No peak was observed 
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It is observed from Figure 4.44 that the 7% Ni/( TiO2 + SiO2) and 7% Ni/( TiO2 + 
Al2O3) catalyst systems reduced at 457 and 486 oC respectively and these values are 
lower when compared to the 506 oC for Ni/TiO2 (Figure 4.7). This could probably 
result from the differences in metal-support interaction due to changes in 
characteristic properties of TiO2 because of incorporation of SiO2 and Al2O3. The 7% 
Ni/( TiO2 + SiO2) demonstrated an increase in hydrogen consumption compared to 
the 7% Ni/( TiO2 + Al2O3) (Table 4.11), a demonstration that more NiO was reduced 
to Ni.  
4.3.19  Surface area analysis of the binary supports  
Surface areas of the binary supports were measured in order to determined the 
changes in surface area that could occur by mixing the too supports and results are 
presented in Table 4.17.  
Table 4.17: BET surface area of binary catalysts including the 7% Ni /TiO2 
Sample Surface area (m2/g) Pore volume (cm3/g) 
7% Ni /TiO2 45.8 0.36 
7% Ni/( TiO2 + Al2O3) 22.9 0.18 
7% Ni/(TiO2 + SiO2) 117 0.33 
SiO2 294 1.20 
Al2O3 0.80 0 
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It is observed in Table 4.17 that the surface area for the 7% Ni/ (TiO2 + SiO2) 
composite was greater compared to that of 7% Ni /TiO2 alone and must have largely 
been influenced by the high surface area for SiO2 (293.6 m2/g) while that of 7% Ni/ 
(TiO2 + Al2O3) was lower by almost half that of 7% Ni /TiO2, largely contributed by 
the lower surface area of Al2O3 (0.8 m2/g).  
4.3.20  Methane decomposition using nickel on binary supports 
Methane decomposition was performed by first carrying out an in situ reduction of 
the catalyst (approximately 1.00 g) using hydrogen. The hydrogen was passed over 
the catalyst which was placed in a quartz boat as previously demonstrated. The 
hydrogen flow rate was 60 ml/min and the reduction was performed at 600 oC for 3 
h. This was then followed by introduction of methane at a flow rate of 60 ml/min. 
Decomposition was carried out 600 oC for 15 h. Results were compared to that of 
Ni/TiO2 which was used as a standard to measure the efficiency of the other catalysts 
and results are presented in Figure 4.45.  
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Figure 4.45: Methane conversion plots of different catalyst systems 
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Observation of the plots showed that a 7% Ni/ (TiO2 + Al2O3) attained a higher 
conversion  slightly above the 7% Ni/TiO2 despite the lower surface area as observed 
in Table 4.11 suggesting addition of the Al2O3 changed the chemical properties of 
the TiO2 support that in turn enhanced nickel activity. Unlike the 7% Ni/ (TiO2 + 
Al2O3), the 7% Ni/ (TiO2 + SiO2) demonstrated a low conversion, way below that of 
7% Ni/TiO2 despite having a larger surface area. Results of methane decomposition 
using these catalysts demonstrated that there was no correlation between surface area 
and the degree of methane conversion (Figure 4.45) because the catalyst with the 
largest surface area (7% Ni/(TiO2 + SiO2) had the lowest conversion. This suggests 
that a large surface area is not in itself a prerequisite for a good catalyst. It is a 
combination of factors including metal-support interaction that are important. Table 
4.18 provides the mass (g) of carbon and ratio of mass of carbon (g) per mass of Ni 
(g). 
Table 4.18: Comparison of ratios of mass of carbon and mass of catalyst for methane 
decomposition on different supports 
Metal Loading Mass of catalyst (g) Mass of carbon (g) Gc/gNi (total) 
7% Ni/TiO2 1.002 8.265 117 
7% Ni/ (TiO2:Al2O3) 1.001 9.364 133 
7% Ni/ (SiO2:Al2O3) 1.000 0.511 7.29 
 
Analysis of the carbon produced from the 7% Ni/ (TiO2 + Al2O3) systems (Figure 
4.46) showed that carbon nanotubes were formed. It was further observed that nickel 
particles were present on the tips of the carbon nanotubes suggesting a tip growth 
mechanism as observed with Ni/TiO2.  
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Figure 4.47: Methane conversion profiles of Ni/TiO2 promoted with Cu at 600 oC 
and a methane flow of 60 ml/min 
It is observed in Figure 4.47 that addition of Cu did not enhance methane 
decomposition. Rather, there was a slight decrease in methane conversion compared 
to the un-promoted 7% Ni/TiO2. It can be deduced that promotional effects are 
support specific because in all the above reported cases, Al2O3 was used as a support. 
Transmission electron micrographs of the carbon nanotubes produced from both the 
un-promoted and promoted Ni catalysts are displayed in Figures 4.48a and 4.48b 
respectively.  
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Figures 4.48: TEM images of carbon nanotubes produced from a) un-promoted 7% 
Ni/TiO2 and b) Cu-promoted 7% Ni/TiO2 respectively 
A careful comparison of the two sets of nanotubes showed that carbon nanotubes 
produced from un-promoted Ni/TiO2 (Figure 4.48a) had a large proportion of non-
linear carbon nanotubes. This agrees with some reported data where carbon 
nanotubes from Ni catalyzed systems appeared to be non-linear (coiled).68,69 It was 
observed that addition of 0.1% Cu as a promoter reduced the degree of coiling by 
about 70% (Figure 4.48b). The slight change in morphology after addition of copper 
is believed to be caused by the changes in shapes of the nickel particles suggesting 
the nickel particles (the active metal) formed an alloy with the copper particles 
thereby generating a modified shape for the nickel that in turn determined the shape 
of the nanotubes. Chesnokov et al.70, Cunha et al.67 and Gonza´ lez et al.71 who 
performed methane conversion using un-supported Ni/Cu catalyst made similar 
observations.  
4.3.22   Determination of carbon activity on methane decomposition 
Besides using the catalyst for methane decomposition, studies were also performed 
to see if the carbons produced from the catalyzed decompositions could sustain 
methane decomposition. This was suggested after observing a high methane 
A B 
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conversion even after the reaction was stopped due to reactor blocking. The results 
are presented in Figure 4.49. 
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Figure 4.49: Methane conversion using carbon produced from 7, 10 and 20% 
Ni/TiO2 catalyst at 600 oC 
It is observed in Figure 4.49 that carbon from catalyzed decomposition had an initial 
high methane conversion, comparable to those of the ordinary (Ni/TiO2) catalyst 
(Figure 4.16). It can therefore be presumed that a high methane conversion could 
have proceeded to far long time (~15 h) if it were not for the reactor blocking. A 
comparison with carbon spheres produced from non-catalyzed reactions showed that 
the initial conversion was low (about 8%) compared to about 50% for the 
catalytically produced carbons. Analysis of the carbon using ICP-OES showed that 
the catalytically produced carbon had some residual nickel (Table 4.19). The high 
conversion observed with the catalytically produced carbon is attributed to the 
residual nickel in the carbon samples.  
 
 
 
                                                                     134 | P a g e  
 
Table 4.19: Concentration of nickel in the carbon samples 
Sample Nickel content (%) 
Carbon from 7% Ni/TO2 0.26 
Carbon from 10% Ni/TO2 0.32 
Carbon from 20% Ni/TO2 0.64 
Carbon spheres 0 
10% Ni/TiO2 catalyst (Reference) 11.13 (1.02)a 
a
 represents standard deviation of 3 measurements 
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4.4  Conclusions from the catalytic methane conversion studies 
Comparison of methane decomposition data from various nickel supported catalysts 
(Figure 4.40) has demonstrated that nickel supported on titania (Ni/TiO2) is one of 
the best catalyst systems for the direct methane conversion to COx-free hydrogen. 
The carbon produced is in the form of carbon nanotubes.
 
Methane conversion is even 
higher when compared with other reported studies that use metal-supported catalysts 
such as Fe and Co.1,72  
 Temperature studies demonstrated that Ni/TiO2 acquires a high and stable 
conversion at 600 oC, half the temperature required in non-catalyzed 
conversions (1200 oC) as observed in Chapter 3. Increasing the reaction 
temperature to 700 oC had a negative effect as methane conversion decreased. 
This was due to conversion of anatase to rutile (Figure 4.32 and 4.33b) 
which affected the surface area (Table 4.8) and as observed by enlarging of 
the Ni/TiO2 crystallite size (Figure 4.31b).  
 It was further observed that increasing the nickel loading from 7% to 20% 
Ni/TiO2 also increased methane conversion (Figure 4.15). However, the 
degree of methane conversion did not increase linearly with metal loading. 
The carbon to nickel ratio was higher for a 7% loading compared with a 20% 
loading (Table 4.7). This suggests that it may not be worthwhile using a 
higher loading.   
 The increase in nickel loading was seen to increase the graphicity of the 
carbon nanotubes. This was observed from the Raman data (Table 4.9) and 
also from the increase in oxidation temperature when the carbon was 
analyzed using TGA (Figure 4.21). A similar trend was observed when 
methane conversion was performed at high temperature (Figure 4.30). 
Irrespective of the increase in oxidation temperatures, the carbon could still 
be used in the DCFCs because DCFCs can be operated at temperatures 
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between 550 and 900 oC and the oxidation temperatures of the carbons fall 
within this range.   
 Studies on the effect of binary supports on the activity of nickel demonstrated 
that not all binary supports can improve catalyst ability. For example a 
TiO2/SiO2 catalyst demonstrated a low methane conversion (Figure 4.45) 
compared to TiO2/Al2O3. The former has  a large surface area, implying that 
support surface area is not the only prerequisite for catalyst activity but a 
combination of other factors such metal-support interaction as well.   
 It has been observed in these studies that the products of the Ni catalyzed 
conversions were carbon nanotubes. Carbon nanotubes have been used in fuel 
cells for storage of hydrogen.73 Considering that the oxidation temperature of 
these carbon nanotubes fall between 550 oC and 730 oC (depending on the 
synthesis conditions) and that DCFCs have been operated at temperatures 
ranging from 525-900 oC,74-76 it is assumed that these carbon nanotubes can 
also be used as a carbon source in DCFCs. The issue of carbon purity on the 
performance of the cells themselves will be determined when the actual fuel 
cells are built. The speculation however is that minor impurities in the carbon 
may only interfere when the cell has been run for a long time (Pointon et 
al.77).   
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Chapter 5 
 
    General conclusions and recommendations   
 
The objectives of this study were to investigate the co-production of solid carbon 
along with COx-free hydrogen from methane under different conditions and to 
characterize the carbon for possible use in DCFCs. The study was successful and the 
following conclusions are drawn from the investigations. 
 5.1  Non-catalytic methane conversion  
 Results for the non-catalytic methane decomposition (Figure 3.3) confirm 
that methane is very stable as a high conversion (85.2%) was attained only at 
temperatures as high as 1200 oC.  
 Flow rate was observed to have little effect on methane conversion at a 
higher temperature (1200 oC). However, analysis of the carbon produced 
demonstrated that these carbons (especially those produced at higher flow 
rates (>60 ml/min)) were ideal for DCFCs. TGA data demonstrated that they 
were more easily oxidized (at temperatures below 750 oC). Another 
observation made was that flow rates > 60 ml/min produced carbon that was 
disordered, one of the attributes that enhances reactivity of the carbon in a 
DCFC.     
 A comparison of the thermal properties of carbon spheres produced from 
methane conversion using the vertical and horizontal reactors demonstrated 
that carbon spheres from the vertical reactor are more easily oxidized 
compared to those from a horizontal reactor. Factors contributing to the 
enhanced reactivity could be their smaller size coupled with the high disorder 
as demonstrated by the Raman data.  
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5.2  Catalytic methane conversion 
 Comparison of methane decomposition data from various supported nickel 
catalysts (Figure 4.40) has demonstrated that nickel supported on titania 
(Ni/TiO2) and a binary mixture of TiO2 + Al2O3 (in the ratio of 1:1) were the 
best catalyst systems of those studied for the direct methane conversion to 
carbon and COx-free hydrogen. Methane conversion was even higher when 
compared with other reported studies that use metal-supported catalysts such 
as Fe and Co.1,2  
 Temperature studies demonstrated that 600 oC was the optimum temperature 
for the Ni/TiO2 catalysts, half the temperature required in non-catalyzed 
methane conversions (1200 oC). This is a good development in terms of 
energy saving. Increasing the reaction temperature to 700 oC had a negative 
effect as methane conversion decreased. This was due to the change in 
catalyst properties at high temperature such as conversion of anatase to rutile 
(Figure 4.31 and 4.32b) which affected the surface area (Table 4.8) and the 
enlarged Ni/TiO2 crystallite size (Figure 4.30b).  
 It was further observed that increasing the nickel loading from 7% to 20% in 
Ni/TiO2 also increased methane conversion (Figure 4.15). However, the 
degree of methane conversion did not increase linearly with metal loading. 
The carbon to nickel ratio was higher for a 7% loading compared with a 20% 
loading (Table 4.7). This suggests that it may not be worthwhile using a 
higher loading.   
 The increase in nickel loading was seen to increase the graphicity of the 
carbon nanotubes. This was observed from the Raman data (Table: 4.9) and 
also from the increase in oxidation temperature when the carbon was 
analyzed using TGA (Figure 4.21). A similar trend was observed when 
methane conversion was performed at high temperature (Figure 4.29). 
Irrespective of the increase in oxidation temperatures, the carbon could still 
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be used in the DCFCs because DCFCs can be operated at temperatures 
between 550 and 900 oC.   
 Studies on the effect of binary supports on the activity of nickel demonstrated 
that not all binary supports could improve catalyst performance. For example 
a TiO2/SiO2 catalyst demonstrated a low methane conversion (Figure 4.45) 
compared with the TiO2/Al2O3. The former had a large surface area, implying 
that support surface area is not the only pre-requisite for catalyst activity but 
a combination of other factors such as metal-support interaction also are 
important.   
 It has been observed in these studies that the products of the Ni catalyzed 
conversions were carbon nanotubes. Carbon nanotubes have been used in fuel 
cells for storage of hydrogen.3 Considering that the oxidation temperature of 
these carbon nanotubes fall between 550 oC and 730 oC (depending on the 
synthesis conditions) and that DCFCs can be operated at temperatures 
ranging from 525-900 oC,4-6 it is assumed that these carbon nanotubes can 
also be used as a carbon source in DCFCs. The issue of carbon purity on the 
performance of the cells themselves will be determined when the actual fuel 
cells are built. The speculation, however, is that minor impurities in the 
carbon may only interfere when the cell has been run for a long time (Pointon 
et al).7   
In view of the results and observations made in this study, I would say that this study 
achieved the main objectives which were  
 to investigate methods into methane decomposition and  
 to evaluate the carbon for possible use in DCFCs 
I would therefore recommend that these carbons be tested in simple DCFCs. 
Depending on results of the initial study, consideration could be put into designing 
and scaling-up of a process.   
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